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The current primary methods for epitaxial growth are energy intensive, requiring 
high temperature or high vacuum to obtain quality thin films. This dissertation explores the 
solution process methods of electrodeposition and spin coating for growth of epitaxial thin 
films. First, a method is developed to directly electrodeposit epitaxial CH3NH3PbI3 
perovskite for solar cells on single crystal Au by electrochemically reducing I2 in organic 
solution. Perovskite is a newly explored material for solar cells, and its efficiency may be 
further improved by increasing the crystalline order. Second, a study on epitaxially 
electrodeposited chiral metal surfaces is presented, including Au films on Si(643) and 
Si(6ത4ത3ത), and Pt, Ni, Cu, and Ag films on top of Au. Enantioselective oxidation of L- and 
D-glucose on Ag/Au/Si(643) and Ag/Au/Si(6ത4ത3ത) confirms the presence of chiral surfaces 
on electrodeposited thin films. This provides an alternative pathway to obtain chiral metal 
surfaces instead of using expensive single crystal metals. Finally, a new scheme is proposed 
for spin coating epitaxial thin films. A diverse array of materials are epitaxially spin coated 
including CsPbBr3, PbI2, ZnO, and NaCl, indicating the versatility of spin coating for 
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The demand for more capabilities from electronics is ever increasing. Consumers 
want new features and functionality while maintaining an affordable price. The electronics 
industry has countered this demand through the decrease in size of components to fit more 
within a device such as our smart phones,1, 2 smaller memory devices,3-5 and sensors for 
safety and health monitoring.6-8 There has also been significant innovation in flexible 
devices to expand the possible features and applications even further, from curved 
displays9, 10 and solar cells11-13 to wearable electronics.14-16 While the electronics industry 
has been approaching the physical limits of following Moore’s law17 however, the 
materials science field has created new materials,18-20 new characterization techniques,21-23 
and new methods to grow and combine materials for improved properties.24-26 
This research focuses on the epitaxial growth of materials for improved properties 
or features. Current techniques for epitaxial growth require high temperatures, high 
vacuum, long deposition times, or highly specialized equipment.27, 28 Therefore, there is a 
need for further development of simple, affordable, and low energy techniques which can 
produce high quality epitaxial films. The aim of this research is to grow a broad range of 
epitaxial thin films using electrodeposition and spin coating solution process methods in 
order to explore their effectiveness in obtaining high quality materials. Electrodeposition 
is used to grow a hybrid organic-inorganic perovskite material for solar cells, as well as 
chiral metal surfaces with applications in the medical field.29 Spin coating is used to grow 
semiconductors for use as LEDs, sensors, transistors, or solar cells, as well as a salt for use 
as a water-soluble substrate for other functional materials. The epitaxial growth of such a 
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wide variety of materials using only low energy processes illustrates the potentially 
disruptive nature of the electrodeposition and spin coating techniques for improvement of 
material quality while maintaining affordability. 
1.1. EPITAXY 
The crystalline orientation of a substrate often plays a role in the orientation of the 
film which is grown on it. A crystalline film grown on an amorphous or polycrystalline 
substrate will likely also be polycrystalline with randomly oriented crystals with no 
preferred out-of-plane or in-plane orientation. A film grown on a textured substrate may 
also be textured, having a preferred out-of-plane orientation but no preferred in-plane 
orientation. Finally, a single crystal substrate which has only one surface orientation 
exposed may grow a film with both a preferred in-plane and out-of-plane orientation.30, 31 
This last option is referred to as epitaxy, where the in-plane and out-of-plane orientation of 
the film are directed by its single crystal substrate. Epitaxy can also be broken down into 
homoepitaxy, when a material is epitaxial with a substrate of the same material, and 
heteroepitaxy, when a material is epitaxial with a substrate of a different material.32 For 
example, Si epitaxially deposited on a single crystal of Si is homoepitaxy, while a Au film 
epitaxially grown on a single crystal Si substrate exhibits heteroepitaxy. The likelihood of 
growing an epitaxial film can be improved by selecting a material and substrate which have 
similar lattice parameters for a small lattice mismatch at their interface, so it is clear that a 
homoepitaxial relationship would be easier to establish with no lattice mismatch. However 
in most scenarios for creating electronic devices, it is desired to stack layers of different 
  
3
materials for various functions, so it is important to optimize methods which can 
successfully establish a heteroepitaxial relationship between materials.33 
1.1.1. Benefits of Epitaxy. Epitaxial films can be used as high quality substitutes 
for single crystals with atomic perfection at a fraction of the cost. Epitaxy can also be used 
to control the composition of alloys and the doping level in semiconductors as well as 
produce metastable phases (such as bcc Ni on Fe and fcc Fe on Cu), superlattices for unique 
magnetic properties, quantum wells exhibiting new physics phenomena, and strained-layer 
architectures with tunable properties.28 Epitaxy can not only create new devices exhibiting 
properties not found in nature but also improve existing devices by refining the quality of 
each stacked layer. High quality epitaxial films have minimal defects compared to their 
polycrystalline counterparts with numerous high angle grain boundaries and interfacial 
defects. In electronic devices, fewer defects reduces the opportunity for electron hole 
recombination thereby increasing carrier lifetimes and improving charge transport.27 
 1.1.2. Common Methods to Obtain Epitaxial Films. Epitaxial growth is directed 
by the thermodynamics of the phase transition, usually from either vapor or liquid to the 
final solid form.27 Therefore, concentration of species and temperature play an important 
role in the driving force of the transition. Because film growth is a dynamic process, 
kinetics also play a role, limited by mass transport and surface processes. The most 
common methods employed for growth of epitaxial films include vapor phase epitaxy 
(VPE), molecular beam epitaxy (MBE), and liquid phase epitaxy (LPE).27, 28, 34, 35 These 
are frequently used to grow large single crystals and films of group IV elements such as Si 
and Ge, III-V and II-VI semiconductors such as GaAs, InP, CdS, and ZnTe, and 
semiconductor alloys such as GaAsP and AlGaAs. 
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In VPE, materials are evaporated into their gas phase and flowed through a chamber 
to deposit on their substrate. Controlling the temperature as well as the gas flow rate allows 
for controlled growth of an epitaxial film. This technique is commonly used to deposit Si 
with use of chloride transport but also includes the large subset area of organometallic 
vapor phase epitaxy (OMVPE) which allows the growth of organic alloys and alloys 
containing Al.36, 37 
MBE is also an evaporation technique stemming from VPE but employs an ultra-
high vacuum (UHV). Each element for the final film is heated individually until its 
evaporation point and is then is transported to the substrate by gas flow, each creating their 
own molecular beam. This technique has the highest resolution with the ability to grow 
epitaxial films with atomic or molecular layer thickness.38, 39 Similar techniques such as 
atomic layer epitaxy (ALE)40, 41 and the MBE-OMVPE hybrid of chemical beam epitaxy 
(CBE)42, 43 are also conducted under UHV. 
Rather than vaporizing, LPE uses a high temperature liquid melt which has the 
desired film material dissolved. Epitaxial growth occurs when the substrate contacts the 
melt which is then carefully cooled to allow controlled precipitation on the substrate. The 
layer thickness can be controlled to tens of nanometers.44-46 This technique is generally 
faster than MBE and VPE, but still requires high temperatures in order to melt the 
precursors.  
While these are the most common methods of epitaxial growth today, they are all 
high temperature and energy-intensive. It is interesting to note that the first records of 
epitaxy are simply from solution growth.47, 48 Several solution methods explored for 
epitaxial growth include electrodeposition,49-51 chemical bath deposition,52, 53 hydrothermal 
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synthesis,54 and spin coating sol-gels.55-57 These methods avoid the need for UHV systems 
and specialized furnaces. Further development of non-energy-intensive methods to grow 
epitaxial films will help continue to improve the quality of semiconductors and electronic 
devices while maintaining or reducing the cost. This dissertation focuses on 
electrodeposition and spin coating as methods to obtain epitaxial films. 
1.1.3. Instrumentation for Characterization of Epitaxial Films. Many 
techniques have been developed over the years for analyzing and observing crystalline 
surfaces, thin films, and their interfaces.21, 28, 34 At each step of innovation, the resolution 
has increased until even individual rows of atoms can be seen. A few of the most impactful 
techniques for gaining a better understanding of epitaxial films and their growth are further 
described below. 
X-ray diffraction (XRD) was one of the first techniques available for analyzing the 
crystalline orientation within a film.34, 58 Because it measures diffraction of light off of a 
sample rather than diffraction of electrons, after generation of the X-rays, it does not require 
a vacuum in the sample chamber. X-ray techniques have since been expanded from a 2θ 
scan which shows the out-of-plane orientation of crystals and the strain within a film, to 
also include pole figures which show the in-plane orientation of crystals, rocking curves 
which show the mosaic spread or low angle grain boundaries within a film and grazing 
incidence X-ray diffraction (GIXD) which can determine the surface roughness.28 In this 
research, XRD 2θ-ω scans and pole figures were used to characterize samples, using the 





Figure 1.1. X-ray diffraction diagram showing the possible axes of rotation during 
measurement. 
 
A 2θ-ω scan is conducted by keeping the source fixed while moving the detector 
and sample along the ω axis for a range of 2θ values. This probes the planes of atoms 
parallel to the sample surface, generating X-ray peaks when the Bragg conditions are met, 
indicating the out-of-plane orientation of crystals within a film. During a pole figure 
measurement, the source and detector are both fixed with a specific θ between them while 
the sample rotates azimuthally from 0-360o around the φ axis and tilts 0-90o along the χ 
axis. This probes many more planes within a film to indicate the in-plane orientation of 
crystals. The presence of spots rather than a ring indicate that there is in-plane order. For 
example, Figure 1.2 shows (200) pole figures of a Au film which has a preferred out-of-
plane (111) orientation. Both pole figures show spots or a ring at a tilt angle of 55o given 
by the angle between the (200) and (111) planes for cubic Au. Figure 1.2a shows a Au film 
with in-plane order where the Bragg condition is only met three times corresponding to the 
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3-fold rotational symmetry of the (111) plane with spots separated 120o azimuthally. With 
both a preferred out-of-plane and in-plane order, the film is epitaxial. Figure 1.2b shows a 
Au film without in-plane order, as the Bragg conditions are met at many azimuthal angles, 
creating a ring by causing many spots to be present at a tilt angle of 55o. With preferred 
out-of-plane order but no preferred in-plane order, the film is textured. XRD is typically 
used for characterization after the completed growth of a thin film. The XRD analysis of 
epitaxy is shown in Paper I and II for electrodeposited thin films and Paper III for spin 
coated thin films. 
 
 
Figure 1.2. (200) pole figures of Au with (111) preferred out-of-plane order show (a) in-
plane order for an epitaxial film and (b) no in-plane order for a textured film. 
 
Low energy electron diffraction (LEED) was available shortly after the early 
techniques of XRD, and uses an UHV to increase the mean free path of electrons in the 
sample chamber and keep impurities off of the sample surface.58 LEED shows the 
periodicity on the surface of thin films which can be attributed to the orientation of initial 
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crystal growth in a film with respect to the substrate as well as the phase of the material. 
Using intensity-voltage measurements, LEED can also provide atomic level information 
of a surface. The energy level used, between about 20-500 eV, only allows for a small 
penetration depth of a few atomic layers, This shallow measurement makes LEED 
primarily useful for observing the initial surface of the substrate before growth as well as 
the early growth of epitaxial layers.21 
Reflective high energy electron diffraction (RHEED) was developed just after 
LEED and uses electrons with energies between about 1-10 keV.58 With the higher energy, 
it has a longer mean free path for electrons so surface information about a material is 
provided by using a grazing incidence angle. Using the grazing angle provides very similar 
information about a substrate and early growth of a film as LEED. In addition to the similar 
surface analysis however, RHEED can also be used in situ to observe surface 
reconstruction, nucleation, and growth.59 
Transmission electron microscopy (TEM) is a high resolution imaging technique 
which can be used to analyze dislocations and defects within a film as well as the interface 
between the film and substrate. The electron diffraction patterns obtained by TEM provide 
similar information to XRD, however TEM has the capability to highly focus on a small 
region of a sample. This atomic resolution can be used to view the interface cross-section 
and provide information on growth modes as well as the orientation of crystals in each 




Common methods of general thin film growth include vapor deposition such as 
chemical vapor deposition (CVD),61-63 physical vapor deposition (PVD),64, 65 and MBE,38, 
66 as well as pulsed laser deposition (PLD),67, 68 and hydrothermal synthesis.69, 70 While all 
of these require high vacuum and/or high temperature, electrodeposition can be conducted 
at ambient pressure and ambient or low temperature offering a low-energy alternative for 
thin film growth. Deposition occurs when a conductive substrate is placed in contact with 
a solution while a potential or current is applied as the thermodynamic driving force for an 
electrochemical reaction. Film orientation,71 morphology,72, 73 chirality,74 and thickness75 
can all be controlled by carefully tuning the solution parameters such as composition,76, 77 
concentration,75, 78 temperature,79, 80 pH,71, 72, 81 deposition time,82 rate of rotation or 
stirring,83, 84 and applied potential72 or current density.85 This provides a wide range of 
options for precise control of thin film properties. For example, the smooth morphology of 
Au films has been controlled during electrodeposition by using Cl additives, limiting the 
concentration of Au in solution, and applying a potential in the hydrogen evolution range.51, 
86-88 Similarly, the chirality of electrodeposited CuO films has been directed by the 
presence of L- or D-tartaric acid in the electrolyte solution.74 The nucleation and growth 
process of thin films during electrodeposition can also be controlled by varying the applied 
potential. For example, monolayers of Pt can be grown by pulsing in the cathodic region 
to deposit an atomic layer of Pt which is terminated by H, followed by pulsing in the anodic 
region to remove the H to repeat the process.89 Thin films of Cu can also be 
electrodeposited by an initial large potential pulse for nucleation followed by a smaller 
potential for growth.90 Because any exposed conductive area of the substrate will be 
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polarized at the applied potential and in contact with the solution, electrodeposition also 
uniquely allows for film growth on irregular shaped surfaces rather than being limited to 
flat substrates. Electrodeposition can be used to grow a variety of thin film materials such 
as metals,86, 91 metal oxides,92 semiconductors,93, 94 ceramics,95 magnetic materials,96 and 
biomaterials.97 Common substrates used in electrodeposition include metals such as Au, 
Pt, and stainless steel, glassy carbon and glass with a conductive coating such as ITO and 
FTO, and semiconductors such as Si, InP, and GaN. 
1.2.1. Electrodeposition of Epitaxial Thin Films. Epitaxial electrodeposition, 
similar to other epitaxial growth methods, is conducted on a single crystal substrate. The 
same range of materials such as metals, metal oxides, semiconductors, and ceramics can 
be epitaxially electrodeposited on conductive single crystal substrates such as single crystal 
metals and semiconductors. The electrodeposition of epitaxial thin films can similarly be 
controlled by varying the solution parameters previously described. Varying the orientation 
of the single crystal substrate may also change the orientation of crystals within the 
electrodeposited film. Epitaxial thin films of metals including Au, Ag, and Cu have been 
successfully electrodeposited directly on Si, where the orientation of the metal film can be 
changed simply by starting with a Si substrate of a different orientation.51, 86-88, 90, 98 For 
epitaxial growth on Si, the native oxide layer is first removed with a brief soak in 5% HF 
which H-terminates the Si surface. The sample is then prepolarized at the desired potential 
which is outside the oxidation range for Si. This allows the metal dissolved in solution to 
immediately nucleate directly on the Si surface before any SiOx layer has regrown. 
Additionally, after the epitaxial growth of metal films, a SiOx layer can purposefully be  
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grown and dissolved to create a free standing high quality single-crystal-like flexible metal 
foil for further growth of epitaxial films for flexible electronics.51, 90    
 1.2.2. Epitaxial Electrodeposition of Methylammonium Lead Iodide 
Perovskite. The term “perovskite” was originally the mineral CaTiO3, but has been used 
more loosely to refer to compounds with the ABX3 formula, where A is a cation of larger 
radius than B cation, and X is an anion bonded to both. For solar cells, research on the 
perovskite methyl ammonium lead iodide (CH3NH3PbI3) and similar variations has 
massively expanded, skyrocketing from a power conversion efficiency of 9.7% in 2012 to 
23.7% in 2018.99, 100 CH3NH3PbI3 is a hybrid organic-inorganic perovskite with tetragonal 
I4cm space group at room temperature. In addition to now having an efficiency which is 
comparable to other solar materials such as CdTe and CIGS, it also has a band gap of about 
1.5 eV, making it an excellent candidate for a multi-junction tandem solar cell with Si.101 
Perovskite/Si tandem cells have now reached an efficiency surpassing that of single 
junction Si solar cells (26.7%) with an efficiency of 27.3%.100 
There is a variety of current techniques to grow perovskite films, but the primary 
methods include direct deposition through spin coating102, 103 or vacuum evaporation104 or 
a multi-step process by spin coating105 and vapor106 or dip converting107 to the final 
perovskite material. These have been done on polycrystalline or amorphous substrates and 
are therefore not epitaxial. There has been some epitaxial and textured growth of perovskite 
using spin coating108 and a two-step method by first electrodepositing PbO2 or PbI2 and dip 
or vapor converting to an ordered perovskite film.109, 110 However, the spin coating requires 
an Ar atmosphere and an annealing step, the conversion from PbO2 is usually incomplete, 
leaving a combination of CH3NH3PbI3 and PbO2, and the conversion from PbI2 requires a 
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high temperature vapor process. The results in Paper I show the direct electrodeposition of 
an epitaxial CH3NH3PbI3 perovskite film. The CH3NH3PbI3 is electrodeposited from an 
organic solution of isopropanol and methanol, through the reduction of I2 to I- in the 
presence of CH3NH3+ and Pb2+ cations. When electrodeposited on single crystal Au, they 
show a preferred in-plane and out-of-plane order in XRD and optical microscope images. 
1.2.3. Epitaxial Electrodeposition of Chiral Surfaces. Chirality is ubiquitous in 
nature. It plays an integral role in the molecular interactions in the body, where one 
enantiomer may be beneficial while the other is inactive or toxic. There are several 
separation and detection techniques in use today such as high performance liquid 
chromatography (HPLC), gas chromatography (GC), supercritical fluid chromatography 
(SFC), and capillary electrophoresis (CE).111, 112 While these are among the most successful 
techniques used commercially, there is still no one technique that maintains a low cost, has 
the ability to be scaled up, and is effective for a large range of chiral compounds. 
Chiral surfaces can be used for selective sensing and separation of chiral molecules 
as well as heterogeneous catalysts for chiral synthesis.74, 113-118 Surfaces that lack mirror 
symmetry and are not superimposable on their mirror image are chiral.115 There are several 
methods used to obtain chiral surfaces which are further explained in Section 1.2.3.1, 
however this research uses the bulk achiral Si which is sliced along a low symmetry or 
high index Miller plane. The abundant use of Si in electronics has already driven 
optimization of the process to grow large Si single crystals and slice them into wafers with 
many possible orientations. The low energy process of electrodeposition is then used to 
grow epitaxial metal thin films of Au on Si. Studies on the electrodeposition of Au directly 
on Si have shown that Au easily grows in a smooth film with its orientation directed by its 
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Si(111), Si(100), or Si(110) substrate.51, 86-88 The results further detailed in Paper II show 
that the orientation of electrodeposited Au films are directed by Si even when the Si 
deviates from one of the more simple primary planes. Paper II also shows the successful 
growth of further chiral metal surfaces obtained by the epitaxial electrodeposition of other 
metals on top of the chiral epitaxial Au. 
1.2.3.1. Common methods to obtain chiral surfaces. There are 65 Sohncke space 
groups which contain only rotational and translational symmetry elements and exclude 
mirror symmetry elements.119 Of these, 22 are chiral space groups, forming 11 
enantiomorphous pairs.120 Any material that forms with the crystal structure in one of these 
22 space groups will be chiral. Materials that form with the crystal structure in one of the 
remaining 43 space groups may or may not be chiral depending on if it forms with a chiral 
center. For any materials that form in these space groups with a chiral crystal structure in 
their bulk form, each of their surfaces are inherently chiral. The most common example of 
a bulk chiral material is quartz which often forms with trigonal space group P3221 and 
P3121.115 Research has shown that left and right hand chiral surfaces of quartz can 
selectively adsorb chiral amino acids.115, 121 The use of naturally occurring chiral surfaces, 
however, is limited to the materials that form in these chiral space groups, and additionally, 
twinning that may occur in their internal structures which may negate the enantioselectivity 
on some surfaces. 
Besides chiral surfaces that occur naturally, they can also be artificially created by 
templating an achiral surface. This can be done by etching or imprinting surfaces with a 
chiral molecule or by adsorbing a chiral molecule to a surface. Most metals have an achiral 
symmetric structure such as the face centered cubic (fcc) structure of Au and Cu. Once a 
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chiral molecule has adsorbed on the surface or is adsorbed and removed leaving a chiral 
imprint, the symmetry of the surface is broken. Adsorption of molecules such as cysteine 
on Au surfaces122, 123 and tartaric acid on Cu surfaces124 have been shown to create stable 
chiral surfaces and exhibit an enantiospecific response when in contact with other chiral 
molecules. The etching or imprinting of surfaces such as DOPA on Pt surfaces125 and 
tartaric acid on CuO surfaces74 have also shown to be enantioselective. 
Similar to the first method of obtaining chiral surfaces through the use of materials 
that are chiral in their bulk crystalline form, materials that are achiral in their bulk form can 
be sliced along specific low symmetry of high index Miller planes to expose a naturally 
chiral surface. This has been done with several common metals such as Au, Pt, Cu, and 
Ag,126-129 and have shown an enantioselective response with their exposed chiral surface. 
Single crystal metals, however, can be expensive to procure and it is difficult to ensure that 
the desired chiral plane is the plane that is exposed on the surface. This research employs 
the use of single crystal Si which is commercially available and easily manufactured with 
the chiral (643) plane exposed on the surface. Paper II further explains how planes of 
achiral metals can be selected to expose a chiral surface. 
1.2.3.2. Chiral surface nomenclature. The ideal and unreconstructed chiral 
surface of Si(643) is shown in Figure 1.3. The mirror image of the Si(643) surface is the 
opposite handed Si(6ത4ത3ത). The side view in Figure 1.3a shows that the (643) plane is about 
16o away from the (111) plane. This 16o offset from the primary (111) plane is within the 
semiconductor manufacturing limits such that Si wafers sliced along the (643) plane can 
be commercially produced. The top view in Figure 1.3b shows that the chiral surface is 
broken into stepped terraces where the edges of each terrace are also stepped. Somorjai and 
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coworkers describe this surface morphology in terms of terraces, steps, and kinks.130, 131 
Jenkins and coworkers develop a separate approach of naming surfaces as flat close-
packed, stepped, or kinked to discuss chirality.132, 133  
Furthermore, other researchers use the rotation around each kink site to coin each 
surface as R or S, stemming from the Cahn-Ingold Prelog naming convention in organic 
chemistry. The original naming convention for determining the handedness of a chiral 
surface was developed by Gellman and coworkers and considers surface morphology, 
finding either a clockwise (R) or counterclockwise (S) rotation around the kink site by 
moving from long step → short step → terrace.127 A second naming convention was 
developed by Attard and coworkers which considers surface orientation at the kink site, 
finding either a clockwise (R) or counterclockwise (S) rotation by moving from the most 
to least dense plane based on the crystal structure of the material.126 Further description of 
these naming systems is given in Paper II. 
 
 




1.2.3.3. Instrumentation for characterization of chiral surfaces and their 
enantioselectivity. There are three main categories of chiral surface characterization 
techniques.113, 134 The first relies on the symmetry or geometry of the surface such as the 
electron diffraction or scattering techniques of LEED,124, 135 X-ray photoelectron 
diffraction (XPD),136, 137 and electron energy loss spectroscopy (EELS),138 as well as the 
high resolution microscopy techniques of scanning tunneling microscopy (STM)139, 140 and 
atomic force microscopy (AFM).141, 142 Opposing chiral surfaces are mirror images of each 
other such as the (643) and (6ത4ത3ത) surfaces in fcc crystals, so it is often beneficial to analyze 
both surfaces for a comparative result. For example, in LEED, the diffraction pattern for 
opposite handed surfaces will have mirror symmetry, causing the asymmetric spin or off-
axis tilt of the chiral diffraction patterns to be in opposite directions. In EELS, calculating 
the difference in scattering patterns of adsorbed enantiomers reveals their alignment on 
each chiral surface. In addition to EELS, a linear dichroism technique, there has been also 
been recent success using circular dichroism (CD) to analyze chirality of a surface or 
adsorbed species.143-145 Patterns of opposite chiral surfaces in CD are also complementary. 
While the electron diffraction and scattering techniques can provide an average 
chirality of a surface, high resolution imaging techniques can show the local chirality, 
capable of capturing the arrangement of individual molecules on a surface. Both AFM and 
STM have been used to observe chiral adsorbates on a surface, but STM has been able to 
achieve higher resolution, imaging the step-kink morphology of chiral planes at the atomic 
scale.139 For this reason, STM images which provide real space information are often 
included alongside other chiral surface characterization techniques. 
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The second category of characterization makes use of the unique optical properties 
of each chiral surface. This can include high-accuracy universal polarimetry (HAUP),146 
infrared spectroscopy such as reflection-absorption infrared spectroscopy (RAIRS)147 and 
surface enhanced infrared absorption spectroscopy (SEIRA),148 surface enhanced Raman 
spectroscopy (SERS),149, 150 second harmonic generation (SHG),151 and polarized optical 
microscopy such as reflection polarized near-field scanning optical microscopy 
(NSOM).152 In general, the resolution of optical measurements has been too low for 
effective use in characterizing chiral surfaces. However, the improvement to optical 
measurement techniques such as HAUP, SIERA, SERS, and NSOM make them a viable 
pathway for characterization.113, 153 Optical measurements can be used to indicate both the 
presence of a chiral surface by comparing the handedness of chiral molecules templating a 
surface, as well as the interaction of the chiral surface with other chiral molecules, again 
by measuring the handedness of molecules adsorbed on each chiral surface.  
The third category of chiral surface characterization involves measuring the 
interaction between the two-dimensional chiral surface and other three-dimensional chiral 
molecules. This can be done with other techniques measuring the chirality of adsorbed 
species on a chiral surface as well as techniques such as temperature programmed 
desorption (TPD),128 electrochemical oxidation,154, 155 and chemical force microscopy.156 
In TPD, chiral molecules are adsorbed on opposite chiral surfaces and their desorption 
temperature from the kink site on each surface is compared. In electrochemistry, the 
oxidation current densities of chiral enantiomers on a chiral surface can be compared. In 
chemical force microscopy, based on atomic force microscopy, the force between chiral 
enantiomers on the probe tip and a chiral surface can be compared.134, 156 While not 
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necessarily informational of the structure and ideality of chiral surfaces themselves, these 
techniques provide insight on the actual ability of chiral surfaces to enantioselectively 
sense and separate chiral molecules. Paper II shows the electrochemical oxidation of L- 
and D-glucose on the epitaxially electrodeposited Ag(643) and Ag(6ത4ത3ത) chiral surfaces. 
1.3. SPIN COATING 
Spin coating is an attractive solution process due to its simple, inexpensive, and 
scalable nature and ability to be used for a variety of materials. It has primarily been used 
for photoresist and polymer films for patterning electronics with lithography. In more 
recent years, spin coating has also been explored for the growth the desired material itself 
including organic materials157, 158, organic-inorganic hybrids,102, 103 and inorganic materials 
such as metal oxides,57 chalcogenides159, 160 and all-inorganic perovskites like CsPbBr3 and 
PbTiO3.55, 161, 162 
In order to spin coat, the desired compound or compound precursors must first be 
soluble. For organic materials, this often simply involves organic solvents such as 
dimethylformamide (DMF) or dimethylsulfoxide (DMSO). For less soluble inorganic 
materials, solution complexes or sol-gels are often needed. The solvent chosen must also 
sufficiently wet the surface of the substrate for adequate coverage. After the desired 
compound has been dissolved or complexed with the solvent, the solution is dispensed onto 
the substrate. This can be done as a static dispense, before the substrate begins moving or 
as dynamic dispense once the substrate has reached the desired spin speed. The spin speed 
and time can be selected based on the desired film thickness as well as the volatility of 
solvent being used. Growth of a complete film involves the interaction between the 
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dissolved ions with the substrate as well as the interaction between the ions themselves. 
Finally, some films may need an annealing step after spin coating for complete evaporation 
of the solvent or other organic components or improvement of electronic properties. 
1.3.1. Spin Coating of Epitaxial Thin Films. Epitaxial spin coating shares the 
same benefits as other epitaxial solution process methods, avoiding the need for high 
energy equipment such as a UHV system or a specialized furnace. In addition, while 
hydrothermal processes require high temperature and pressure, spin coating is at ambient 
pressure and the temperature can be tuned based on the solvent. While chemical bath 
deposition requires long wait times for specific reactions to occur at the substrate, spin 
coating essentially forces reactions to occur due to supersaturation, causing less solution 
waste and shorter processing times. Spin coating also allows for a wider variety of 
substrates rather than being limited to conductive materials as in electrodeposition. 
There have been multiple attempts to model the film thickness from spin coating, 
beginning with a classical model developed by Emslie and coworkers163 and deviations 
from the this model by several other research groups.164-166 While there are inconsistencies 
between each model, the general consensus is that the final film thickness, ℎ௙, is 
proportional to the angular rotation rate, ω, as shown in Equation 1, where the exponent of 
½ may be larger for short spin times.164 This model is based on experimental studies of 
spin coated polymers. 
ℎ௙ ∝ 𝜔ିଵ/ଶ  (1) 
 Not only has spin coating primarily been used for polymer films, but in previous 
spin coating work, the substrates were polycrystalline or amorphous so the films were not 
epitaxial. There has been previous work in spin coating sol-gel precursor films for oxides 
  
20
onto single-crystal substrates, but these films require a high temperature annealing step in 
order to burn off the organic components and convert into an epitaxial film.55-57 Paper III 
describes the epitaxial spin coating process with low temperature in situ heating, which 
does not require a high temperature annealing step. It is proposed that the thin 
supersaturated solution layer that forms during the rotation in spin coating as well as an 
ordered anion adlayer that forms on the substrate surface serve to promote heterogeneous 
nucleation onto the single crystal substrate. Inorganic semiconductors including CsPbBr3, 
PbI2, and ZnO as well as a salt, NaCl, are spin coated and characterized with XRD and 
SEM or optical microscopy. 
1.3.2. Future of Epitaxial Spin Coating. The field of spin coating has just begun 
to be explored for the growth of epitaxial thin films.  There is an abundance of possible 
materials and applications for which epitaxial spin coating may be beneficial. Other salts, 
like NaCl, can be spin coated epitaxially for use as high quality water-soluble layers. These 
could then be used as water-soluble single crystal templates for improving hollow 
structured functional materials with battery applications167, 168 or as a water-soluble 
sacrificial film layer for further growth of metal or metal oxide films for creating stand-
alone metal and metal oxide foils.169 The metal or metal oxide films can be grown on the 
salt layers through techniques such as vapor deposition and simply be removed by 
dissolving the salt layer underneath. Furthermore, these stand-alone foils as well as those 
grown through electrodeposition can be used as high quality substrates for spin coating 
further epitaxial films for flexible electronics. 
Additionally, other materials such as metal chalcogenides may particularly benefit 
from development of an improved spin coating process. Metal chalcogenides are 
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semiconductors with high mobility, a tunable bandgap, and long-term stability, making 
them effective for many devices such as supercapacitors, thin film transistors, solar cells, 
batteries, and thermoelectric devices.159, 170 Current techniques to grow metal chalcogenide 
thin films primarily involve vapor deposition processes. More recent lower energy methods 
include spray pyrolysis,171 chemical bath deposition,172 electrodeposition,173 and complex 
spin coating.160 Within these methods, the spray pyrolysis requires high temperatures and 
may introduce impurities, the previous spin coating requires high temperature annealing, 
and the chemical bath deposition requires long wait times. While these methods have been 
used to produce polycrystalline metal chalcogenide films, some epitaxial growth has been 
successful by electrodeposition.174, 175 While electrodeposition is a useful low energy 
process, spin coating can offer even more versatility by not requiring a conductive 
substrate. Using spin coating with low temperature in situ heating may provide a new 
pathway to grow epitaxial metal chalcogenide thin films. 
One challenge in spin coating chalcogenide materials is their low solubility. One 
option may be to prepare the metal and chalcogen components in separate solutions. Then 
depending on the speed of chalcogenide precipitation, combine the solutions just before 
spin coating, or perform a simultaneous or sequential dispersal of each solution on the 
substrate during spin coating. In this way, a metal source can be chosen which is more 
soluble in aqueous or organic solution or complexed with ammonia. The chalcogen souce 
can be provided by soluble compounds such as thiourea, thioacetamide, or selenourea. Any 
additional salts produced when the solutions are combined can be removed with water. A 
second solution may be to epitaxially spin coat the metal iodide which has higher solubility, 
such as the spin coated PbI2. The metal iodide may then be converted to the chalcogenide 
  
22
using vapor conversion or by dipping it in a solution with the dissolved chalcogen. 
Prelimary results are shown in the Appendix. 
 
1.4 RESEARCH OBJECTIVES 
 The following four research objectives were developed based on the goal of 
growing a wide variety of materials epitaxially by electrodeposition and spin coating. 
1.4.1. Direct Electrodeposition of Epitaxial Methylammonium Lead Iodide 
Perovskite. Electrodeposition provides a low energy alternative to obtain high quality 
epitaxial thin films. It is a solution process that does not require high temperature or high 
vacuum conditions. The first objective of this research is to directly electrodeposit epitaxial 
methylammonium lead iodide perovskite on single crystal Au. CH3NH3PbI3 perovskite has 
recently surfaced as an excellent solar cell material and may be further improved by 
increasing the crystalline order within films. Paper I shows the XRD and optical 
microscopy analysis of the highly ordered CH3NH3PbI3. 
1.4.2. Epitaxial Electrodeposition of Chiral Metal Surfaces on Silicon(643). 
Single crystal metals with chiral surfaces can be expensive and difficult to maintain. 
Electrodeposition provides an affordable path to obtain chiral metal surfaces without the 
need for individual metal single crystals. The second objective of this research is to 
epitaxially electrodeposit Au onto commercially available Si(643) and Si(6ത4ത3ത). Further 
metal films including Pt, Ni, Cu, and Ag are epitaxially electrodeposited on Au, which may 
be more active for various chiral compounds. The details of each electrodeposition and the 
in-plane and out-of-plane XRD studies are shown in Paper II. 
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1.4.3. Enantioselective Oxidation on Chiral Metal Surfaces. After the epitaxial 
electrodeposition of chiral metal thin films, it is necessary to confirm that the kinked 
arrangement of atoms expected on a (643) surface has propagated to the surface of the 
films. This can be done using either use atomic resolution imaging or surface diffraction 
techniques to view the surface of each sample or to experimentally determine if each 
surface has any chiral preference. The third objective of this research is to use the latter 
option by electrochemically oxidizing L- and D-glucose on Ag surfaces.  The results of 
these electrochemical tests are shown in Paper II. 
1.4.4. Epitaxial Spin Coating of Inorganic Semiconductors. Spin coating is a 
low energy solution process like electrodeposition. It is simple, quick, and does not require 
a high vacuum or special expertise. While spin coating has previously been used for 
photoresist and polymer films, high temperature sol-gel processing, and more recently for 
polycrystalline solar cell materials, it has not directly been explored for the growth of 
epitaxial thin films. The fourth objective of this research is to develop the epitaxial spin 
coating process to grow high quality inorganic materials with low temperature in situ 
heating. The process for epitaxially spin coating CsPbBr3, PbI2, and ZnO semiconductors 
as well as NaCl salt onto single crystals or single-crystal-like substrates as well as the XRD 
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The efficiency of CH3NH3PbI3 perovskite solar cells has increased drastically up to 
23.7%, surpassing the efficiency of CIGS and CdTe solar cells. However, the CH3NH3PbI3 
in these high efficiency cells is still polycrystalline, incorporating a high level of defects 
which limit the efficiency. Improving the crystalline order of CH3NH3PbI3 films stands to 
further improve the efficiency of perovskite solar cells. In this research CH3NH3PbI3 is 
directly electrodeposited on single crystal Au(100). XRD analysis shows a preferred in-
plane and out-of-plane order of the CH3NH3PbI3 {001} and {110} family of planes. The 






Perovskite solar cells are relatively new, beginning with an efficiency of 3.8% just 
under a decade ago, now reaching an efficiency of 23.7%.1, 2 The perovskite used in high 
efficiency solar cells is the organic-inorganic hybrid of CH3NH3PbI3, sometimes including 
a mixture of other cations such as formamidinium (CH(NH2)2) or Sn and other halogens 
such as Br or Cl. The bandgap of CH3NH3PbI3 is 1.55 eV which can be tuned for increased 
light harvesting with the addition of other cations and halogens.3-5 The theoretical 
efficiency limit for this bandgap is about 31%,6, 7 between that of the top performing solar 
cell materials of Si (29%)8 and GaAs (33%).9  
 In previous research CH3NH3PbI3 was grown using a single-step process of spin 
coating10, 11 or vacuum evaporation,12 or a multi-step process by converting from a 
precursor through solution or vapor methods.13-17 However, it has primarily been grown on 
polycrystalline substrates leading to polycrystalline perovskite. The lack of crystalline 
order in polycrystalline films leads to a high level of defects within the material and at the 
CH3NH3PbI3/substrate interface, reducing the efficiency of the solar cell by increasing the 
trap density and electron-hole recombination.18-21 Epitaxial perovskite, where the 
crystalline orientation of the deposited CH3NH3PbI3 is directed by a single crystal substrate 
has been largely unexplored. The few exceptions include an epitaxial PbO2 film converted 
to epitaxial CH3NH3PbI3 by dipping in a CH3NH3I solution,18 an epitaxial PbI2 film 
converted to textured CH3NH3PbI3 in CH3NH3I vapor,22 and an epitaxial CH3NH3PbI3 by 
spin coating.19 Unfortunately, the conversion from PbO2 is usually incomplete, leaving a 
combination of PbO2 and CH3NH3PbI3, the vapor conversion requires a high temperature 
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to vaporize the CH3NH3I, and the spin coating requires an Ar atmosphere and an additional 
annealing step. Here we introduce a single-step process to directly electrodeposit epitaxial 
CH3NH3PbI3 perovskite on single crystal Au(100) with no additional processing required. 
 
2. RESULTS AND DISCUSSION 
 
The CH3NH3PbI3 electrolyte solution is prepared by first dissolving CH3NH3NO3 
and I2 into isopropanol (IPA), and Pb(C2H3O2)2 (lead acetate) into methanol. After each 
component is dissolved, the IPA and methanol solutions are combined (24:1 ratio of IPA 
to methanol) and a potential of -1.2 V vs. Ag/AgCl is applied across the single crystal Au 
working electrode. CH3NH3PbI3 is electrodeposited for 1-3 hours to grow a dense layer of 
crystals. The proposed mechanism for the electrodeposition of CH3NH3PbI3 is given by 
equations 1 and 2, where I2 is reduced to I- at the working electrode, and immediately forms 
CH3NH3PbI3 in the presence of CH3NH3+ and Pb2+ cations. The nitrate and acetate anions 
act as supporting electrolyte. 
ଷ
ଶ
𝐼ଶ + 3𝑒ି → 3𝐼ି (1) 
𝐶𝐻ଷ𝑁𝐻ଷା + 𝑃𝑏ଶା + 3𝐼ି → 𝐶𝐻ଷ𝑁𝐻ଷ𝑃𝑏𝐼ଷ (2) 
The electrodeposited CH3NH3PbI3 is then analyzed with X-ray diffraction (XRD). 
Comparison of the 2θ XRD powder pattern of CH3NH3PbI3 in Fig. 1a to the XRD pattern 
of electrodeposited CH3NH3PbI3 in Fig. 1b shows that CH3NH3PbI3 has two preferred out-
of-plane orientations when grown on Au(100). There are several other minor peaks of 
CH3NH3PbI3, however the growth is clearly dominated by the {001} and {110} family of 
  
27
planes in the out-of-plane direction. This preferred growth indicates that the CH3NH3PbI3 
could be epitaxial with its Au(100) substrate.  
 
 
Figure 1. 2θ X-ray diffraction pattern of (a) powder CH3NH3PbI3 and (b) CH3NH3PbI3 
electrodeposited for 3 hours on single crystal Au(100). 
 
 These preferred out-of-plane orientations can be seen more clearly in the close up 
of the 2θ scans for the (002) and (110) peaks in Fig. 2a and the (004) and (220) peaks in 
Fig. 2b. While the powder pattern has a ratio of about 21% to 79% of the {001} to {110} 
family of planes, the electrodeposited CH3NH3PbI3 has a ratio of about 43% to 57% of 
{001} to {110}. This further indicates crystalline growth that is directed by the Au(100) 
substrate. Previous research has shown the orientation may also be affected by solution 
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temperature during growth of CH3NH3PbI3.18 Growth of both {001} and {110}, dominated 
by {001}, occurs at cold temperatures (-10oC) and growth of only {110} occurs at warmer 
temperatures (75oC). This is likely due to selective etching of the (001) orientation at higher 
temperatures. The presence of both {001} and {110} families of planes from the direct 




Figure 2. Close up of the (a) (002) and (110) peaks and (b) (004) and (220) peaks of 
CH3NH3PbI3 electrodeposited for 3 hours on Au(100). 
 
While the 2θ scan indicates the preferred out-of-plane orientation by scanning 
across a range of angles which may satisfy the Bragg conditions, X-ray pole figures provide 
information about the in-plane orientation of crystals by remaining at a fixed θ and rotating 
the sample azimuthally from 0-360o along the ψ axis while tilting the sample from 0-90o 
along the χ axis. The stereographic projections in Fig. 3a-3c aid in understanding what the 
empirical pole figure should look like if there is preferred in-plane order. If there is no in-
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plane order, the pole figure simply shows a ring pattern at the tilt angle corresponding to 
the angle between the fixed θ and the preferred out-of-plane orientation. Figure 3a indicates 
 
 
Figure 3. Stereographic projections and pole figure of CH3NH3PbI3. Stereographic 
projections of (a) a (224) pole of (001) out-of-plane oriented CH3NH3PbI3, (b) a (224) 
pole of (110) out-of-plane oriented CH3NH3PbI3 and (c) the combined projection when 
CH3NH3PbI3 has both (001) and (110) out-of-plane oriented crystals compared to (d) the 
empirical (224) pole figure of CH3NH3PbI3 electrodeposited for 3 hours on single crystal 
Au(100). 
 
that a (224) pole figure of CH3NH3PbI3 will show four spots separated 90o azimuthally at 
a tilt angle of 45o when the preferred out-of-plane orientation is along the [001] axis. 
Similarly, Fig. 3b indicates the same (224) pole figure will show two spots separated 180o 
azimuthally at a tilt angle of 44o when the preferred out-of-plane orientation is along the 
[110] axis. Because the 2θ scan in Fig. 1 indicates that both the {001} and {110} family of 
planes are preferred, the pole figure should be the combined stereo projection shown in 
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Fig. 3c. The empirical pole figure of CH3NH3PbI3 electrodeposited for 3 hours on Au(100) 
shown in Fig. 3d matches the expected pattern from Fig. 3c.  The slightly elongated spots 
at -45o and 135o azimuthal positions in Fig. 2d further indicate the presence of both {001} 
and {110} preferred growth. The preferred out-of-plane order indicated by the 2θ scan in 
Fig. 1 and the preferred in-plane order indicated by the pole figure in Fig. 3d show that the 
CH3NH3PbI3 is epitaxial with the Au(100) single crystal substrate. 
The crystalline space group of CH3NH3PbI3 is tetragonal I4cm with lattice 
parameter a = 0.8849 nm and c = 1.2641 nm.23, 24 This tetragonal structure is represented 
by the square and rectangular crystals in the optical microscope images in Fig 3. This is 
most clear in the 1 hour deposition shown in Fig. 4a where the crystals indicate the 
preferred out-of-plane growth of the cube shaped (001) and rectangular shaped (110) faces. 
Due to the possibility of pin-holes in the CH3NH3PbI3 electrodeposited for 1 hour, it was 
also electrodeposited for 3 hours as shown in the more dense CH3NH3PbI3 film in Fig. 3b. 
 
 
Figure 4. Optical microscopy of CH3NH3PbI3 electrodeposited on single crystal Au(100) 







In this work, it is shown that epitaxial CH3NH3PbI3 can be directly electrodeposited 
on Au(100), providing a pathway to improve the crystalline order in CH3NH3PbI3 without 
the incomplete conversion or high temperature processes used in previous epitaxial growth. 
CH3NH3PbI3 is electrodeposited from organic solution by reducing I2 to to I- to bond with 
CH3NH3+ and Pb2+ cations. The X-ray 2θ shows that CH3NH3PbI3 was successfully grown 
with a strong preference for out-of-plane growth in the {001} and {110} family of planes, 
and the X-ray pole figure shows the in-plane order. The cube and rectangular faces of (001) 





 The CH3NH3NO3 was synthesized by first cooling HNO3 to around 0oC before 
adding methylamine solution dropwise until a 4:5 ratio of HNO3 to methylamine solution 
is reached. The solution remained at a cool temperature for 2 hours before placed on a hot 
plate at 100oC overnight or until the solid had formed. The solid white CH3NH3NO3 







Single crystal Au cleaning process: 
The electropolishing solution was prepared with a 2:1:1 ratio of ethanol, ethylene 
glycol, and hydrochloric acid and heated on a 100oC hot plate. The surface of the Au(100) 
single crystal (Monocrystals Company) was placed in contact with the solution and an 
anodic current density of 2.5 A/cm2 was applied while stirring at 400 rpm. The Au was 
then rinsed with DI water and dried.  
 
CH3NH3PbI3 electrodeposition process: 
 The CH3NH3PbI3 was electrodeposited by first preparing two solutions. In the first 
solution 80 mM CH3NH3NO3 and 20 mM I2 were dissolved into 96 mL of isopropanol 
(IPA). In the second solution 5 mM Pb(C2H3O2)2 (lead acetate) was dissolved into 4 mL 
of methanol. The ratio of IPA to methanol was 24:1, and the concentrations were calculated 
based on the total volume of 100 mL. The solutions were prepared separately due to the 
higher solubility of lead acetate in methanol. After each component was dissolved, the IPA 
and methanol solutions were combined and the surface of the single crystal Au working 
electrode was placed in contact with the solution. A potential of -1.2 V vs. Ag/AgCl (sat’d 
KCl) was applied across the Au working electrode. The solution was at ambient 
temperature, stirred at 200 rpm, and a Au coil was used as the counter electrode. 
CH3NH3PbI3 was electrodeposited for 1-3 hours to grow a dense layer of crystals. The 







All XRD measurements were made with a Philips X’Pert Materials Research 
diffractometer with Cu Kα1 radiation source (λ = 1.54056 Å). The 2θ (out-of-plane 
orientation) scan was done using a multipurpose diffractometer equipped with a PIXcel 
detector. The pole figure was measured using a crossed slit collimator with 2 mm 
divergence slit and 2 mm mask and a 0.27° parallel plate collimator with a Ni filter. The 
stereographic projections were made in CaRIne Crystallography 3.1. Plan-view optical 
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Surfaces of achiral materials exhibit two-dimensional chirality if they lack mirror 
symmetry. An example is the (643) surface of face-centered-cubic metals such as Au. The 
(643) and (6ത4ത3ത) surfaces are non-superimposable mirror images of each other. Chiral 
surfaces offer the possibility of serving as heterogeneous catalysts for chiral synthesis, or 
providing a platform for chiral separation or crystallization. Here, we show the symmetry 
requirements for surface chirality, and we demonstrate that chiral surfaces can be produced 
by electrochemically depositing epitaxial films of Au onto commercially-available Si(643) 
wafers. Au(643) is deposited onto one side of the wafer, and its enantiomer Au(6ത4ത3ത) is 
deposited on the other side of the wafer. In addition to the (643) orientation, the (8 14 17) 
orientation of Au is produced on the Si(643) wafers. The (8 14 17) orientation has a similar 
kinked surface to the (643) surface, but it has staggered kinks. Other metal films including 
Pt, Ni, Cu, and Ag that are electrodeposited onto the Au films exhibit strong in-plane and 
out-of-plane order. Hence, the method provides a pathway for producing chiral surfaces of 
  
37
a wide range of materials, and it obviates the need to work with expensive single crystals. 
The Ag/Au/Si(643) surface showed preference for the electrochemical oxidation of D-







Chirality is ubiquitous in nature. One enantiomer of a molecule is often 
physiologically active, whereas the other enantiomer may be either inactive or toxic. Chiral 
surfaces offer the possibility of providing heterogeneous catalysts for chiral synthesis, or 
providing a platform for chiral separation or crystallization.1-6 Chiral surfaces lack mirror 
symmetry, and are not superimposable on their mirror image.3 The chiral surfaces of 
minerals have been invoked, for instance, to explain the origin of homochirality in nature.3 
One approach to produce chiral surfaces is to slice large single crystals of achiral metals 
along high index planes to produce surfaces which lack mirror symmetry.7-15 An example 
would be the (643) surface of fcc metals such as Au, Ag, Pt, and Cu. The metals themselves 
are not chiral, but the (643) surface lacks mirror symmetry. The (643) and (6ത4ത3ത) surfaces 
are non-superimposable mirror images of each other. They also have right or left-handed 
kink sites. Metal single crystals, however, are expensive, and the preparation of well-
defined single crystal surfaces requires a rather specialized expertise. Here, we show that 
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epitaxial films of Au can be electrodeposited onto commercially available Si(643) and 
Si(6ത4ത3ത) wafers as an inexpensive alternative to bulk metal single crystals. Because Si is 
used in electronics, the process is already streamlined for growing large single crystals and 
for slicing them into wafers with a wide range of orientations. The epitaxial 
electrodeposition of Au onto the low index surfaces of Si was initially developed by 
Allongue and co-workers,16,17 and further studied by Switzer and co-workers.18,19 The Au-
coated Si wafers can then be coated electrochemically with epitaxial films of other metals 
such as Pt, Ni, Cu, or Ag which may be more likely to adsorb chiral molecules.20,21 This 
simple and inexpensive method for generating chiral surfaces should open the field of two-
dimensional chirality to a wide array of researchers. We also demonstrate the chiral nature 
of the surfaces by electrochemically oxidizing glucose. The Ag/Au/Si(643) surface is 
selective for the oxidation of D-glucose, whereas the Ag/Au/Si(6ത4ത3ത) surface is selective 
for the oxidation of L-glucose. 
 
2. EXPERIMENTAL SECTION 
2.1. WAFER ETCHING PROCEDURE 
Si wafers with [111], [643], and [6ത4ത3ത] orientations were used as templates to grow 
epitaxial Au films and other thin films on Au for surface studies in chiral selectivity. 
Antimony doped double-side polished Si with a resistivity of 0.02 Ω-cm, where one side 
was n-Si(643) and the other was n-Si(6ത4ത3ത) was used as the chiral surface templates. The 
Si wafers were purchased with a [643] orientation from Virginia Semiconductor Inc. They 
were prepared by the company by slicing a [111] oriented ingot as shown in Figure S1. 
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Boron doped single-side polished p-Si(111) with a resistivity of about 0.004 Ω-cm was 
used as an achiral reference for the studies on n-Si(643) and n-Si(6ത4ത3ത). Prior to use, each 
wafer was sliced into pieces with an area less than 2 cm2 and hydrogen-terminated similar 
to the previously published procedure.18 This includes a rinse in ethanol and DI water to 
remove organic residue, an etch in a 5% hydrofluoric acid (Sigma Aldrich) solution for 2 
min to remove the native oxide layer, a soak in hot DI water (ca. 80-90°) for 15 min to 
recoat the surface with the SiOx layer, and a final etch again in the 5% hydrofluoric acid 
solution for 30 sec to produce the hydrogen-terminated surface. Gallium-indium eutectic 
(Sigma Aldrich) was applied to the back of each Si sample by scratching to form an ohmic 
contact, and a silver wire secured with silver paste (GC electronics, silver print II) was used 
for an electrical connection on all samples. This back electrical contact was insulated with 
a polish made from Apiezon Type W wax and toluene in order to use the sample in aqueous 
solutions where the front of the Si wafer of one orientation was the only exposed 
conductive surface. 
2.2. ELECTRODEPOSITION OF THIN FILMS 
Au was electrodeposited from an aqueous solution with 0.1 mM HAuCl4, 1 mM 
KCl, 1 mM H2SO4, and 100 mM K2SO4 in DI water. The solution was prepared by adding 
10 mL of a stock solution containing 1 mM HAuCl4, 10 mM KCl, and 10 mM H2SO4, to 
90 mL of DI water, and finally adding 100 mM of K2SO4 as a supporting electrolyte. Each 
Si sample was briefly etched in the 5% hydrofluoric acid solution immediately before 
depositing Au to ensure that no amorphous oxide layer was remaining. Each sample was 
then prepolarized at -1.9 V vs. Ag/AgCl (sat’d KCl) before immersing into the Au plating 
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solution in order to prevent Au polycrystalline electroless deposition. Au was deposited for 
20 minutes with a Au coil counter electrode. All depositions used a Ag/AgCl (sat’d KCl) 
reference electrode, with the solution stirred at 200 rpm and maintained at room 
temperature. After each deposition, the samples were rinsed with DI water and dried in air. 
All subsequent metals were electrodeposited on Au/Si. Pt films were electrodeposited 
using a solution of 0.5 M NaCl and 3 mM K2PtCl4 with the pH adjusted to 4 by perchloric 
acid.22 Pt was electrodeposited for 1 min with a Pt counter electrode at a constant potential 
of -0.58 V vs. Ag/AgCl based on the peak potential in a linear voltammetric scan. Ag films 
were electrodeposited in a commercial cyanide based silver plating solution (KROHN) at 
a constant current density of -10 mA/cm2 for 2 seconds with a stainless steel counter 
electrode. Ni films were electrodeposited in a solution of 0.1 M NiSO4 and 0.5 M 
(NH4)2SO4 with the pH adjusted to 9 with ammonia. An initial pulse of -2.0 V vs. Ag/AgCl 
for 0.2 sec was used for nucleation, followed immediately by a 1 min deposition at -1.0 V 
vs Ag/AgCl for growth with a Pt counter electrode. Cu films were electrodeposited in a 
solution of 0.3 M CuSO4 and 0.2 M H2SO4 at -0.5 V vs. Ag/AgCl for 3 sec with a Pt counter 
electrode. Electrodeposition of all films was done using either an EG&G Model 273A or 
an Autolab 30 potentiostat/galvanostat. 
2.3. X-RAY DIFFRACTION MEASUREMENTS AND SURFACE MODELING 
All XRD measurements were made with a Philips X’Pert Materials Research 
diffractometer with Cu Kα1 radiation source (λ = 1.54056 Å). All 2θ−Ω (out-of-plane 
orientation) scans were done using a two-bounce hybrid monochromator with a Ge 220 
monochromator and Ni 0.125 mm automatic beam attenuator and a 0.18° parallel plate 
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collimator diffracted optics. Pole figures were measured using a crossed slit collimator with 
2 mm divergence slit and 2 mm mask and a 0.27° parallel plate collimator. A Cu filter was 
used for Si pole figures and a Ni filter was used for all others. The surface models were 
made in Vesta software version 3.4.4. 
2.4. LINEAR SWEEP VOLTAMMETRY (LSV) MEASUREMENTS 
Due to the n-type doping of the Si wafers, the Au on Si formed a Schottky contact 
at their interface which forced the samples to have rectifying rather than ohmic behavior 
when passing current. In order to prepare samples which could later be used for 
voltammetry measurements with anodic currents, after growing a smooth epitaxial Au 
layer, an electrical contact was added to the front of each Au film with Ag wire and Ag 
paste to bypass the Au/Si interface. The Ag paste was allowed to dry for about four hours 
and insulated with Teflon tape before using the front-contact to electrodeposit subsequent 
Ag films on Au as well as perform LSV measurements. Due to possible film roughening 
from either Si or Ag oxidation, all LSV scans were run on the same day that the samples 
were prepared.23 For oxidation of glucose on the Ag surface, solutions containing 5 mM of 
DL-, L-, or D-glucose and 0.1 M NaOH were used. These solutions were prepared by 
adding 10 mL of a stock solution of 50 mM DL-, L-, or D-glucose and 1 M NaOH to 90 
mL of DI water. A cleaning solution containing just 0.1 M NaOH and no glucose was also 
prepared by adding 10 mL of a 1 M NaOH stock solution to 90 mL DI water. All solutions 
were also prepared on the same day. Each sample was scanned from -0.545 V to -0.205 V 
vs. Hg/Hg2SO4 (sat’d K2SO4) based on the potential range needed to oxidize glucose but 
not oxidize Ag,24,25 and underwent three consecutive scans in each solution to confirm any 
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enantioselective oxidation. Between each glucose solution, the same scans were also 
collected in the cleaning solution of NaOH to ensure that no enantiomers were transferred 
between solutions or remained on the sample surface.26 
 
3. RESULTS AND DISCUSSION 
 
While many chiral planes have been discussed in previous research, they have 
focused primarily on materials with a face-centered cubic (fcc) structure. This is a common 
structure for many metals. However, in order to expand the research field of chiral surfaces 
to develop a more versatile enantiomer separation or detection technique it would also be 
beneficial to extend the conversation to include other materials such as semiconductors and 
metal oxides. In this broader consideration including all seven crystal systems, any planes 
in a material that lack mirror symmetry have a chiral surface or two-dimensional chirality.3 
As an example, we have previously shown that chiral surfaces of CuO can be 
electrodeposited using tartrate ions to template the growth.6 CuO has a monoclinic structure 
with space group C2/c. In this structure, the mirror plane is (010), and the [010] direction 
is perpendicular to the (010) plane. Any plane parallel to [010] is a member of the [010] 
zone, and is perpendicular to the (010) mirror plane. The zonal equation (Eq. 1) can be 
used to determine the planes of the zone,27 
ℎu + 𝑘v + 𝑙w = 0   (1) 
where (hkl) are the Miller indices of the planes, and [uvw] are the indices for the zone axis. 
For u = 0, v = 1, and w = 0, the zonal equation is satisfied for k = 0. This means that (h0l) 
planes are achiral because they have mirror symmetry. All planes in which k ≠ 0 are chiral. 
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Table 1. Point-group projection symmetriesa 
 
aThe highlighted point groups lack mirror symmetry for the specified h, k, and l 
combination, where h, k, and l are not zero and not equal unless stated. Adapted from 
reference 28. 
 
This treatment can be used with any crystal structure to determine which planes 
lack mirror symmetry. Fortunately, this process can be simplified by using the projection 
symmetries of the 32 point groups.28 The projection symmetries are shown in Table 1. 
Chiral planes that only have rotational symmetry are highlighted in yellow in the table. For 
example, in low symmetry materials with triclinic symmetry that lack mirror planes, all 
planes are chiral. For higher symmetry materials with multiple mirror planes, the symmetry 
constraints for chirality are much tighter. For example, fcc metals such as Au (space group 
Fm3m) and diamond cubic materials such as Si (space group Fd3m) belong to the cubic 
point group m3m. In this case, the only planes that lack mirror symmetry are those in which 
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h ≠ k ≠ l ≠ 0. An example of a chiral plane for this point group would be the chosen (643) 
plane. 
Si wafers are typically manufactured by slicing along one of the primary planes 
including (111), (110), and (100). The Si(643) plane is 16.06⁰ offset from (111) towards 
[51ത4ത] and is therefore possible to produce with current manufacturing equipment. After 
slicing the wafer, one side will have a (643) surface arrangement of atoms while the 
opposite side will be its mirror image of (6ത4ത3ത), as shown in the ideal and unreconstructed 
surfaces in Figure 1. Besides the lack of mirror symmetry, chiral surfaces can also be 
described in terms of terraces, steps, and kinks. In the case of (643) the surface can be 
described as three atom wide {111} terraces separated by either {310} steps or steps made 
of three atom long {100} steps and shorter one atom {110} kinks, as shown in the Figure 
1a and 1b side view and Figure 1c and 1d top view.7 This method of defining the structure 
of kinked surfaces with low Miller index microfacets was first outlined by Somorjai and 
coworkers,29,30 and although it was not described with the diamond cubic structure of Si in 
mind, they state the same naming convention can apply by considering it as the more simple 
fcc lattice.  
In addition to defining chiral surfaces with a microfacet notation, they can also be 
described by the rotation of atoms at each kink site. Gellman’s and Attard’s research groups 
have developed nomenclature stemming from organic chemistry to define each chiral 
surface as R or S. A chiral surface was originally defined in Gellman’s group by McFadden 
et al.31 as a kinked surface that has unequal step lengths around the kink site. In analogy to 
the Cahn-Ingold-Prelog rules from organic chemistry, they assign the highest priority to 
the long step, followed by the short step, ending with the terrace. If this trend from long 
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step → short step → terrace forms a clockwise rotation into the surface it is denoted as R, 
whereas a counterclockwise rotation would be labeled S.  
 
 
Figure 1. Ideal models of Si(643) and Si(6ത4ത3ത). Side view of (a) Si(643) and (b) Si(6ത4ത3ത) 
and angled top view of (c) Si(643) and (d) Si(6ത4ത3ത). 
 
Due to this naming convention excluding kinked surfaces with steps of equal 
lengths which were later shown to exhibit enantioselectivity,7,9,32-34 a new convention was 
devised by Ahmadi et al.9 in Attard’s group by defining a chiral surface as the junction of 
the three primary planes {111}, {100}, and {110} at the kink site. In this way they labeled 
the surfaces R or S based on atomic surface density of the primary planes rather than the 
step length. The hierarchy of surfaces in an fcc lattice given by highest to lowest atomic 
surface density is {111} → {100} → {110}. A clockwise rotation of these planes is denoted 
as R while counterclockwise is S. How the surface chirality changes with variations of (hkl) 
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in this nomenclature is further explained in work by Sholl.32 For the case of the diamond 
cubic structure of Si, the hierarchy of planes based on atomic surface density is {110} → 
{111} → {100} which results in the same clockwise and counterclockwise conclusion, so 
the same analysis can be used. In this way, the chirality of the surface can be defined at the 
kink site as R or S and indicate its potential enantiospecific interaction with chiral 
molecules. In the case of (643) surfaces, both Gellman’s original R and S naming method 
as well as Attard’s newer naming method agree that (643) is S and (6ത4ത3ത) is R. 
While growth of epitaxial films directly on Si is difficult due to its native oxide 
layer, methods to electrodeposit Au directly on Si are well established.16-19 After an 
epitaxial Au film is electrodeposited, assuming there is no surface reconstruction or 
faceting, it should have the same corresponding surface structure as Si(643) or Si(6ത4ത3ത). 
Although it is known that low index surfaces of Si reconstruct when H-terminated,35-36 the 
actual surface structure of H-terminated Si(643) is not known. We assume that any surface 
reconstruction due to H-termination will be lifted upon electrodeposition of Au onto the 
Si. The concept of producing chiral epitaxial films has previously been shown by pulsed 
laser deposition of Pt epitaxial thin films on SrTiO3(621).37 In our work, the out-of-plane 
and in-plane order of the Si substrates and Au thin films were explored by x-ray diffraction 
(XRD). Typically, x-ray analysis of films involves standard Gonio 2θ-Ω scans. However, 
because (643) is a mixed odd and even Miller index plane, (643) peaks are systematically 
absent and the standard 2θ-Ω scan reveals no peaks. Yet, while the standard 2θ-Ω scan 
probes only the planes of atoms parallel to the sample surface, a pole figure remains fixed 
at a specific angle θ, while the sample tilts between 0-90º along the χ axis, and rotates 0-
360º along the ψ axis. This tilts the sample to probe many more planes within each film 
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which may fulfill the Bragg condition. For this reason, all pole figures were collected first 
and a (111) pole figure of the Si substrate was measured on all samples such that the spot 
corresponding to the 16⁰ offset (111) peak could be used to align the samples for 2θ-Ω 
scans. Additionally, the epitaxial relationship between films can be explored through the 
use of pole figures. 
Films with in-plane crystalline order will result in a spot pattern by the Bragg 
condition only being satisfied at certain angle combinations, while a polycrystalline film 
will result in a ring pattern as the Bragg condition is satisfied at many azimuthal angles. 
(111) pole figures of the single crystal Si substrate were as expected in Figure 2a and 2b, 
with a sharp off-center spot at a tilt angle of about 15⁰ roughly corresponding to the angle 
between [111] and [643], a spot at tilt angle 57⁰ roughly corresponding to the angle between 
[111ത] and [643], and a spot at tilt angle 67⁰ roughly corresponding to the angle between 
[11ത1] and [643]. These angles were measured up to ±1⁰ resolution for the Si pole figures. 
There is an additional peak at a tilt angle of about 86⁰ corresponding to the angle between 
[1ത11] and [643] that forms the full set of three spots around the offset center spot as shown 
in the Si stereographic projections in Figure S2, but this rarely appears in the empirical 
pole figures due to any slight sample tilt and the sharpness of the single crystal Si peak. 
The asymmetric spot patterns in the pole figures indicate chiral orientations and the pattern 
in the Si(6ത4ത3ത) pole figure is the non-superimposable mirror image of Si(643).  
The Au pole figures show the same off center spot aligned with the Si pole figures 
as well as the matching set of three spots forming the triangular pattern around the offset 
center (considering the additional unseen spot in the Si pole figure). There is also a second 
set of three spots in the Au pole figures corresponding to a second orientation of Au(8 14 
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17) in Figure 2c and Au(8ത 14തതതത 17തതതത) in 2d. The fact that the asymmetry is maintained in the 
pole figures however, suggests that the handedness is maintained even with the presence 
of the second orientation. The relative amounts of the [643] and [8 14 17] orientations 
determined from the pole figures are 60% and 40%, respectively. The epitaxial 
relationships of these orientations are given by Au(643)[13ത2]||Si(643)[13ത2] and Au(8 14 
17)[ 1ത32ത]||Si(643)[13ത2]. 
Figure 2e shows the 2θ-Ω scan of Si before any tilt, and after aligning to the offset 
Si(111) peak, the 2θ-Ω scans were collected while maintaining this tilt alignment. When 
collected at a tilt, the scans show peaks matching Si{111} for the Si single crystal in Figure 
2f and those matching both Si{111} and Au{111} for the Au films on Si in Figure 2g. The 
pole figures and 2θ-Ω scans indicate no other in-plane or out-of-plane orientations. 
 
 
Figure 2. X-ray analysis of Au and Si. (111) pole figures of (a) Si(643), (b) Si(6ത4ത3ത), (c) 
Au/Si(643) and (d) Au/Si(6ത4ത3ത), and 2θ-Ω scans of (e) untilted Si(643), (f) Si(643) tilted 




In order to understand how the second orientation of Au affects the surface, further 
analysis is necessary. Due to the presence of the three atom wide (111) terrace within the 
(643) surface, it is helpful to refer back to the developed electrodeposition method where 
Au films grown on Si(111) were studied.18,19 In this method, the Au films grew with two 
prominent in-plane orientations: the expected Au(111) orientation as well as a second 
which is rotated 180º. These are described as both parallel and antiparallel domains or as 
rotation twins. Upon seeing the extra set of three spots in the Au pole figure of Au/Si(643), 
the twinning equation (Eq. 2) was used to assist in determining the second orientation.38 
While the mention of twinning might infer that chirality is lost, it is important to note that 
this equation can provide an orientation which is either a reflection twin by mirroring 
across the twin plane or simply a rotation twin by rotating 180⁰ around the twin plane. 
(𝑃𝑄𝑅) = 𝑇(௛௞௟)(𝑝𝑞𝑟)    (2) 
In these equations (PQR) is the twin orientation while (pqr) is the original orientation and 





ℎଶ − 𝑘ଶ − 𝑙ଶ 2ℎ𝑘 2ℎ𝑙
2ℎ𝑘 −ℎଶ + 𝑘ଶ − 𝑙ଶ 2𝑘𝑙
2ℎ𝑙 2𝑘𝑙 −ℎଶ − 𝑘ଶ + 𝑙ଶ
൱  (3) 
For fcc crystals such as the Au under analysis, twinning occurs along {111} planes so 








൱   (4) 
Using the twin matrix in equation 4 to solve for (PQR) in equation 2 provides the twinning 
relationship in equation 5. In this case a multiple of (643) was used for the original crystal 
(pqr) such that the resulting orientation is in integers. 
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(𝑝𝑞𝑟) = (18 12 9); (𝑃𝑄𝑅) = (8 14 17)  (5) 
After using the twin equation to determine the possible second orientation of (8 14 
17), this result was compared with the pole figures to see if the data agrees. The set of three 
spots which do not align with the spots in the Si pole figures do in fact match those expected 
in a (111) pole figure with tilt angles roughly corresponding to those between [111ത], [11ത1], 
or [1ത11] and [8 14 17]. Additionally, it is clear from the asymmetry in the Au pole figures 
that the second orientation of (8 14 17) comes from a rotation around (111) rather than a 
reflection across the (111) plane.  This makes sense due to the lack of reflection twinning 
when the two orientations of Au are grown on Si(111).18,19 This correlation is further shown 
in Figure 3, where the black plane is Au(111), the blue plane is Au(643), and the green 
plane is Au(8 14 17). The (643) plane is about 16º off of the (111) plane, and when the 
(111) plane is rotated 180º, it is the (8 14 17) plane that takes the same position as (643), 
16º offset from the (111) plane. In this way, through rotation and not reflection, the second 
orientation of Au is formed and the chirality is likely maintained. 
The (8 14 17) surface appears to follow a similar kinked surface to (643) with (111) 
terraces and steps made of three atom long steps and one atom short kinks as shown in the 
ideal and unreconstructed surfaces in Figure 4. However, while the (643) and (6ത4ത3ത) 
surfaces have kinks in a straight diagonal line between terraces as indicated by the dashed 
blue line in Figure 4a and 4b, the terraces are slightly staggered on the (8 14 17) and 
(8ത 14തതതത 17തതതത) surfaces starting on every third terrace shown by the dashed blue lines in Figure 
4c and 4d. The lighter tan atoms in Figure 4 indicate the steps and kinks. Using Somorjai’s 
microfacet notation, the (8 14 17) surface can be described by (111) terraces with (023) 
steps, 8(111) x 3(023), or with the primary planes by 8(111) x 6(011) x 3(001). This follows 
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the relationship described by Reinicker et al. for step faceting of vicinal Cu(111) surfaces 
induced by the adsorption of aspartic acid.39 In their work it was observed that {320} steps, 
consisting of {110} steps and {100} kinks, became {310} steps, consisting of {100} steps 
and {110} kinks, after rotation by 180°. 
 
 
Figure 3. Relationship between the (111), (643), and (8 14 17) planes of Au. (Top) 
Au(111) plane in black and (643) plane in blue where the angle between them is 16º and 
the vector pointing to the right is parallel to the (111) plane, and (Bottom) the Au(111) 
plane rotated 180º degrees in-plane where the plane which takes the same position 16º 
away from (111) is now (8 14 17) in green. 
 
As previously mentioned, for defining the (643) surface as either R or S, both 
Gellman’s and Attard’s naming conventions agree.  However in the case of (8 14 17) they 
are opposing. Gellman’s original naming method based on rotation from long step → short 
step → terrace would name the (8 14 17) surface as S, matching (643). Considering Attard’s 
convention, a careful look at the surface reveals that the long step is along the (011) plane 
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and the short step is along (001). Based on the decreasing atomic surface density of planes 
at the kink site from {111} → {100} → {110}, the (8 14 17) surface would be considered 
R, the opposite of (643). While these naming conventions disagree, it seems unclear which  
 
 
Figure 4. Ideal models of chiral Au surfaces. Dashed lines show the kinks are arranged in 
a straight line between terraces in (a) Au(643) and (b) Au(6ത4ത3ത) while they are staggered 
in (c) Au(8 14 17) and (d) Au(8ത14തതതത17തതതത). The lighter tan atoms show the terrace edge. 
  
factor would be most influential in evoking an enantioselective response: the surface 
morphology at the kink site or the surface orientation at the kink site. In the comparison of 
(643) and (8 14 17) it seems odd that two surfaces with such similar morphology might be 
considered opposite hands with opposite enantioselective influences. Further information 
using stereographic triangles to easily determine handedness based on current 
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nomenclature is included in Figure S3. Finally, it is important to note that chiral surfaces 
are susceptible to thermal roughening and surface relaxation or reconstruction, causing 
them to deviate from their ideal surfaces shown here. Other studies have explored the effect 
of atomic surface changes on enantioselectivity, and which chiral surfaces are most 
stable.23, 33, 40-41 
While Au is especially inert, other chiral metal surfaces have been shown to be 
more active for various chiral molecules.7,24,42-43 After a thin epitaxial Au layer is deposited 
on Si, other materials can be electrodeposited on the conductive Au surface. In this 
research, thin films of Pt, Ni, Cu, and Ag were deposited on Au/Si(643) and Au/Si(6ത4ത3ത) 
and again analyzed by XRD as shown in Figure 5a-5d. As expected due to their common 
crystal structure, the metal films show asymmetric spot patterns with an in-plane order that 
matches Au. This is especially apparent in the Ni and Cu pole figures where the fixed 2θ 
angle that was probed for both materials is close to the 2θ angle for a (200) pole figure of 
Au. This caused the (111) pole figures of Ni and Cu to also include a (200) pole figure of 
Au in the same projection, further illustrated in Figure S4. In the case of the Ag film, the 
lattice parameters between Au and Ag are so similar that none of the 2θ values are separated 
enough to show the distinct patterns from each film. An EDS spectrum was collected to 
simply confirm that Ag was successfully electrodeposited on Au and is included in Figure 
S5. The fact that there is an intense spot pattern in the Ag pole figure rather than a ring 
pattern suggests that the Ag film also has an in-plane order that matches Au. 
The samples were also aligned using the offset Si(111) peak in pole figures and the 
2θ-Ω scans were collected for each sample while maintaining this tilt. Again the scans 
show peaks matching Si{111}, Au{111} and the {111} family of every subsequent film as 
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shown in Figure 5e-5h. Due to no peaks in a standard non-tilted 2θ-Ω scan, and only one 
family of peaks in each film in the tilted 2θ-Ω, it is again likely that there are no other out-
of-plane orientations in each film. 
 
Figure 5. X-ray analysis of metal films on Au/Si. (111) pole figures of (a) Pt/Au/Si(643) 
and Pt/Au/Si(6ത4ത3ത), (b) Ni/Au/Si(643) and Ni/Au/Si(6ത4ത3ത), (c) Cu/Au/Si(643) and 
Cu/Au/Si(6ത4ത3ത), and (d) Ag/Au/Si(643) and Ag/Au/Si(6ത4ത3ത), and 2θ-Ω scans tilted to 
align the Si(111) peak for (e) Ag/Au/Si(643), (f) Cu/Au/Si(643), (g) Ni/Au/Si(643), and 
(h) Pt/Au/Si(643). 
 
With both in-plane and out-of-plane oriented films where the metals grown on top 
of Au as well as the Au itself have a crystalline order directed by their Si substrate, it is 
likely that the chiral morphology has propagated through each layer and is still apparent on 
the surface. Unfortunately, XRD can only provide information about the crystalline order 
of the bulk materials in each sample. It cannot ensure the kinked arrangement of atoms that 
is expected on an ideal (643) surface is on the real sample surface. It is then necessary to 
either use atomic resolution imaging or surface diffraction techniques to explore the surface 
of each sample or to experimentally determine if each surface has any chiral preference. 
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In this research, the latter experimental option was conducted by electrochemically 
oxidizing L- and D-glucose on Ag surfaces as shown in Figure 6. A Ag surface was chosen 
 
Figure 6. Linear sweep voltammetry curves for electrochemical oxidation of glucose. 





simply because glucose has been shown to be active on the Ag surface.24 In these 
experiments a Hg/Hg2SO4 reference electrode was used rather than a Ag/AgCl reference 
in order to avoid any Cl- adsorption which might limit glucose accessibility to the sample 
surface. The potential range was also limited to -0.205 V to avoid Ag oxidation as shown 
in Figure S6. In this case, the Ag/Au/Si(643) surface shows selective oxidation of D-
glucose as shown in Figure 6a, whereas the Ag/Au/Si(6ത4ത3ത) surface shows a preference for 
oxidation of L-glucose as shown in Figure 6b. Additionally the baseline curve is shown 
where the sample is scanned across the same potentials with no glucose in solution, and no 
oxidation peak is seen. As a control, the same experiment was conducted on a 
Ag/Au/Si(111) sample which shows no preference for oxidation of L- or D-glucose as 
shown in Figure 6c. This matches both the trend and magnitude of enantioselectivity 
achieved by Attard et al.7-8 where D-glucose shows preference for oxidation on a (643)S Pt 
surface and L-glucose has preferential oxidation on (643)R Pt . The chiral selectivity for 
glucose oxidation is further quantified in Figure S7 using an analysis that was introduced 




In this work, it is shown that commercially available Si can be used in the field of 
surface chirality, providing an alternative to the time consuming process and expense 
needed for single crystal metal substrates. Si wafers purchased with a (643) chiral surface 
orientation were used to electrodeposit an epitaxial film of Au. Au films were analyzed 
using x-ray diffraction and had an orientation of (643) and a second chiral domain of (8 14 
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17). On top of Au, other epitaxial metal films including Pt, Ni, Cu, and Ag were 
electrodeposited to obtain more active chiral surfaces. Each film had both in-plane and out-
of-plane order based on their x-ray diffraction patterns, indicating a high likelihood of 
having kinked chiral surfaces. To test for the presence of surface chirality on deposited 
films, glucose was electrochemically oxidized on a Ag surface. Results showed a 
preferential oxidation of D-glucose on the Ag/Au/Si(643) surface and L-glucose on the 
Ag/Au/Si(6ത4ത3ത), while oxidation of L- and D-glucose on an achiral Ag/Au/Si(111) showed 
no preference. These results indicate Si can successfully be used as a two-dimensional 
chiral surface for growth of other more active chiral metal surfaces for use in sensing and 




Stereographic triangles for chiral nomenclature
Gellman and coworkers were the first to define certain high index surfaces of fcc 
metals as chiral and named each surface R or S based on the clockwise or counterclockwise 
rotation from long step → short step → terrace at the kink site.31 We will refer to this as a 
kink morphology based naming system. Attard and coworkers later developed a new 
nomenclature considering the junction of primary planes at the kink site in order to expand 
the definition of chiral surfaces to include those with equal step lengths.9 They named each 
surface R or S based on the clockwise or counterclockwise rotation from {111} → {100} 
→ {110}. We will refer to this as a kink orientation based naming system. The handedness 
of each chiral surface using either Gellman’s original kink morphology system or Attard’s 
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kink orientation system can be determined using the stereographic triangles in Figure S3. 
The unfilled circles represent a few of the possible chiral surfaces and the filled circles at 
the vertices are the primary planes or microfacets of which the chiral surfaces are made.  
For Gellman’s original kink morphology naming system, the triangle is separated 
into six regions by the dashed lines, where the terrace in each region is the plane at the 
major vertex and the long step is determined by the outer side of the triangle connecting to 
a second major vertex. For example in Figure S3a, based on the region that (643) is in, we 
can see the major vertex is (111) indicating a (111) terrace and the outer edge of the region 
is connected to the second major vertex of (100) indicating a long step of (100). This leaves 
the kink as (110). The counterclockwise rotation from long step (100) → short step (110) 
→ terrace (111) indicates its S handedness. Similarly, the region that (651) is in indicates 
it has a (110) terrace and (111) long step, leaving the kink as (100). The counterclockwise 
rotation from long step (111) → short step (100) → terrace (110) again indicates its S 
handedness. Conversely, within the same stereographic triangle (13 9 1) with its (110) 
terrace and (100) long step as well as (821) with its (100) terrace and (111) long step are 
found to have a clockwise rotation from long step → short step → terrace and therefore R 
handedness. Any chiral surfaces that lie on the dashed lines have steps and kinks which are 
both one atom in length. For example, (321) has a (111) terrace and equal atom length 
(100) and (110) steps. (531) has monatomic steps, kinks, and terraces. Other stereographic 
triangles can be similarly used to determine surface morphology such as that shown in 
Figure S3b which shows the stereographic triangle encompassing (8 14 17). From the 
triangle we can see it has a (111) terrace and (011) long step, leaving (001) as the kink. 
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Considering the kink morphology based naming system, the rotation from long step (011) 
→ short step (001) → terrace (111) runs counterclockwise indicating S handedness. 
Considering Attard’s kink orientation based naming system, only the microfacets which 
form a junction at the kink site as shown by the filled circles in each triangle are taken 
into account. This means all chiral orientations, or unfilled circles, are named S based on 
the counterclockwise rotation from {111} → {100} → {110} in Figure S3a, and R based 
on the clockwise rotation in Figure S3b. 
 
 
Figure S1. Relationship between (643) and (111). Stereographic projection showing the 
angles between Si(643) and Si(111). This diagram was used as a guide for purchasing the 






Figure S2. Stereographic projections of Si and Au. Stereographic projections of (111) 
poles of (a) Si(643), (b) Au(643), (c) Au(8 14 17), and (d) the combination of Au(643) 
and Au(8 14 17) projections. In the (a) Si(643) and (b) Au(643) projections the off-center 
spot is at a tilt angle of 16.06° corresponding to the angle between [111] and [643], and 
the three spots centered around (111) are at a tilt angle of 58.84° corresponding to the 
angle between [111ത] and [643], tilt angle 68.31° corresponding to the angle between 
[11ത1] and [643], and 85.76° corresponding to the angle between [1ത11] and [643]. In the 
(c) Au(8 14 17) projection the off-center spot is at a tilt angle of 16.06° corresponding to 
the angle between [111] and [8 14 17], and the three spots centered around (111) are at a 
tilt angle of 55.47° corresponding to the angle between [1ത11] and [8 14 17], tilt angle 
74.27° corresponding to the angle between [11ത1] and [8 14 17], and 82.93° 
corresponding to the angle between [111ത] and [8 14 17]. The spots in these projections 
correspond approximately to those seen in the empirical pole figures of Si(643) and 
Au/Si(643). Stereographic projections (e-f) show the opposite hand of (a-d) respectively, 







Figure S3. Stereographic triangles for chiral nomenclature. 
 
 
Figure S4. Stereographic projections of Au with a Pt, Ni, or Cu film. Stereographic 
projections include (a) a (200) pole of Au on Si(643) and (b-d) a (111) pole of the 
specified metal on metal/Au/Si(643) overlaid with the (200) pole of Au. The fixed 2θ 
angle for a Au (200) pole is 44.393° while the angle for a (111) pole is 39.765° for Pt, 
44.505° for Ni, and 43.295° for Cu, so both the top metal and the Au appear in the same 
projection especially for Ni and Cu. The stereographic projections in (e-d) show the 




Figure S5. Energy dispersive spectrum of Ag/Au/Si(643). Energy dispersive spectrum 





Figure S6. Cyclic voltammetry scans on Ag/Au/Si(643) in NaOH. Cyclic voltammetry 
scans on a Ag/Au/Si(643) sample in an aqueous solution with NaOH only. Four ranges of 
potentials were measured. The Ag surface begins to oxidize when the potential is scanned 
up to -0.185 V vs. Hg/Hg2SO4. There is no significant oxidation or reduction peak for Ag 





Figure S7: Quantitative analysis in analogy to adsorption specificity percentage. The 
enantioselective oxidation is quantified using an equation similar to that used for the 
percent of adsorbed species on a surface.44 In this case the equation used is ௃ವି௃ಽ
௃ವା௃ಽ
∗ 100 
where 𝐽஽ and 𝐽௅ are the current densities associated with D- and L-glucose on each 
surface respectively. The pink squares are from the current density quotient of glucose 
oxidation on a Ag surface on Au/Si(643) and result in an increasingly positive 
“adsorption specificity” percentage with a maximum around -0.27 V vs. Hg/Hg2SO4. 
Conversely the green circles from the current quotient of glucose on a Ag surface on 
Au/Si(6ത4ത3ത) result in a decreasing negative specificity percentage. The blue triangles are 
from the current density quotient of glucose on an achiral Ag surface on Au/Si(111) and 
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Spincoated films, such as photoresists for lithography or perovskite films for solar 
cells, are either amorphous or polycrystalline. We show that epitaxial films of inorganic 
materials such as CsPbBr3, PbI2, ZnO, and NaCl can be deposited onto a variety of single 
crystal and single-crystal-like substrates by simply spincoating either solutions of the 
material or precursors to the material. The out-of-plane and in-plane orientation of the 
spincoated films is determined by the substrate. The thin stagnant layer of supersaturated 
solution produced during spincoating promotes heterogeneous nucleation of the material 
onto the single-crystal substrate over homogeneous nucleation in the bulk solution, and 
ordered anion adlayers may lower the activation energy for nucleation on the surface. The 
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method can be used to produce functional materials such as inorganic semiconductors or 




Epitaxy is the growth of crystals whose orientation is determined by their 
crystalline substrate.1,2 Epitaxy can produce thin films with atomic perfection that rivals 
that of single crystals as well as metastable phases (such as body-centered cubic Ni on Fe 
and face-centered cubic Fe on Cu), superlattices, quantum wells, and strained-layer 
architectures with tunable properties.2 Although epitaxial growth is usually constrained to 
ultrahigh vacuum or high temperatures by techniques such as molecular beam epitaxy, 
chemical vapor deposition, and liquid-phase epitaxy, it was first demonstrated in aqueous 
solution in 1836 when Frankenheim showed that sodium nitrate crystals could be grown 
epitaxially on a freshly cleaved calcite substrate.3 In 1950, Johnson also used aqueous 
solution to grow NaCl crystals epitaxially on single-crystal Ag.4 Other examples of 
solution-based deposition of epitaxial films are hydrothermal processing,5 chemical bath 
deposition,6-8 and electrodeposition.9-11  
Each of these solution methods has limitations. Hydrothermal processing requires 
high temperature and pressure, chemical bath deposition requires specific reactions to 
occur at the substrate surface, and electrodeposition requires conducting or semiconducting 
substrates. Here, we show that epitaxial films can be deposited by a simple, rapid, and 
inexpensive spincoating method directly from solution precursors. We demonstrate the 
epitaxial growth of a diverse array of inorganic materials such as CsPbBr3, PbI2, NaCl, and 
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ZnO onto a variety of single crystal and single-crystal-like substrates such as Au, Ag, 
SrTiO3, and mica by spincoating with low temperature in situ heating.  
 Spincoating is used commercially to deposit polymer films for lithography. It has 
also been used to deposit organic semiconductor films,12,13 and has become the preferred 
deposition method for perovskite materials such as CH3NH3PbI3 and CsPbBr3 for use in 
solar cells, photodetectors, and LEDs.14-19 For example, dense and uniform films of 
CH3NH3PbI3-xBrx have been spincoated by engineering the solvent mix,17 and 
CH3NH3PbI3-xClx films with millimeter-scale crystal grains have been spincoated by 
dispensing the precursor solution onto a heated substrate.16 However, the substrates in this 
earlier work were polycrystalline or amorphous, so the films were not epitaxial. Ji et al. 
have spincoated CH3NH3PbI3 onto single crystal KCl and crystallized the as-deposited 
amorphous material into an epitaxial film with a final annealing step.19 There has also been 
previous work on the spincoating of amorphous sol-gel precursors for oxides onto single-
crystal surfaces that were then converted into epitaxial films by a high-temperature burn-
off of organics.20-22 In the present work, the epitaxial films were directly spincoated from 
solution precursors without the need for post-annealing or a high-temperature conversion 
step. 
 
2. RESULTS AND DISCUSSION 
 
We propose that the very thin supersaturated solution layer that is formed in 
spincoating serves to promote heterogeneous nucleation of the material onto the single-
crystal substrate over homogeneous nucleation in the bulk solution that would occur during 
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crystallization by conventional solvent evaporation methods. The activation energy for 
nucleation on the single-crystal surface may also be lowered by the production of ordered 
adlayers of anions on the surface. Anions specifically adsorb on single-crystal metal 
surfaces to form monolayer or sub-monolayer adlayers.23 For example, I-  forms a (√3 x 
√3)R30° adlayer on Au(111) and Cl- forms a c(2x2) adlayer on Ag(100). These anion 
adlayers could mimic the anion-terminated surfaces of compounds to serve as seed crystals 
for the nucleation of the spincoated material.  
The general mechanism for epitaxial spincoating that we outline in Fig. 1 assumes 
that the formation of a hydrodynamic boundary layer and the subsequent evaporation of 
the solvent occur in steps, as opposed to more rigorous models in which the two processes 
occur simultaneously.24, 25 A drop of solution containing dissolved material or precursors 
is dispensed onto the rotating substrate (Fig. 1A). After spinning, the solution forms a 
stagnant hydrodynamic boundary layer (Fig. 1B) whose thickness,  𝑦௛, is determined by 
the kinematic viscosity, 𝑣, of the solution and the rotation rate, 𝜔, (in terms of angular 
frequency of rotation, s-1) of the substrate.26 





  (1) 
For example, a rotation rate of 3000 rpm and a kinematic viscosity of 0.01 cm2s-1 will 
generate a boundary layer ~ 200 µm thick. An ordered adlayer that lowers the activation 
energy for nucleation also forms at this stage (Fig. 1C). Because of the in situ heating and 
the spinning of the substrate, the solvent evaporates and the solution reaches 
supersaturation (Fig. 1C). Once the supersaturation reaches the critical value for 
nucleation, the nuclei form on the substrate and the concentration at the solid-liquid 
interface is reduced to the saturation concentration of the solution, Csat’d. A concentration 
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gradient is then established that serves as the driving force for the ion/molecule diffusion 
(Fig. 1D). The diffusion layer thickness, 𝛿, is given by Eq. 2, where 𝐷 is the diffusion 
coefficient of dissolved species (cm2s-1).26 For a rotation rate of 3000 rpm and a diffusion 
coefficient of 1 x 10-6 cm2s-1, the diffusion layer would be ~ 4 µm thick. An epitaxial film 
continues to grow until the solvent completely evaporates (Fig. 1E). A similar model is 
observed in chemical vapor deposition and liquid phase epitaxy, in which film growth 
occurs by mass transport across a diffusion layer.1 
𝛿 = 1.61𝐷ଵ/ଷ𝜔ିଵ/ଶ𝑣ଵ/଺  (2) 
 The spincoating of epitaxial films requires either that the material to be spincoated 
is soluble, or that a soluble precursor to the material is available that can be converted to 
the material after drying at slightly elevated temperatures. For the first case, we have 
spincoated PbI2 from N,N-dimethylformamide (DMF) solution, CsPbBr3 from dimethyl 
sulfoxide (DMSO) solution, and NaCl from aqueous solution. For the second case, we have 
spincoated ZnO from an aqueous ammonia solution of Zn(II).27 In the ZnO case, the NH3 
evolved during the spincoating process. The concentrations and conditions for spincoating 
are given in the Supplementary Materials. The substrates used for spincoating were either 
single crystals such as SrTiO3 and mica, or proxies for single crystals that were thin 
epitaxial films of Au or Ag that were electrodeposited onto single-crystal Si wafers.11, 28, 29 
PbI2, CsPbBr3, and ZnO are all functional materials that can serve as semiconductors in 
solar cells and LEDs.9, 15, 27, 30 Epitaxial NaCl can serve as a water-soluble template for 
large-scale epitaxial lift-off of flexible single-crystal-like materials for electronics, solar 





Figure 1. Epitaxial spincoating schematic. (A) Each precursor solution is dispensed on a 
room temperature or preheated single crystal or single-crystal-like substrate as it begins 
to spin. (B) When the solution reaches the spin speed of the sample, a hydrodynamic 
boundary layer forms with thickness 𝑦௛. (C) An ordered anion adlayer forms at the 
substrate/solution interface, and the solution concentration reaches supersaturation due to 
evaporation. (D) Nucleation occurs at the solution-substrate interface and a concentration 
gradient and diffusion layer form with thickness 𝛿. (E) The nuclei grow into a film, and 
the interface between solution and substrate continues to shift until solvent evaporation is 
complete. 
 
The in-plane order of the spincoated materials can be seen in the scanning electron 
micrographs (SEMs) and optical micrographs in Fig. 2. CsPbBr3 deposited with a diamond-
like morphology on single-crystal SrTiO3 (Fig. 2A). Although the CsPbBr3 typically 
deposited as islands, it may be possible to produce dense films by multiple spincoating 
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applications or by using additives such as HBr or solvent mixtures.17, 32 PbI2, NaCl, and 
ZnO were all deposited onto epitaxial films of either Au or Ag on single-crystal Si. PbI2 
showed a meshlike morphology with the expected threefold symmetry of the Au(111) 
surface (Fig. 2B). NaCl deposited as perfectly aligned cubes on the surface of Ag(100) 
(Fig. 2C). Optical micrographs of NaCl on Ag(111) and Ag(110) are shown in Fig. S1. The 
plan view of ZnO on Au(111) was featureless (Fig. S2), so the SEM in Fig. 2D is a cross-
sectional view of the ~ 500-nm-thick ZnO film. 
 
 
Figure 2. Morphology of spin coated materials. SEM micrograph of (A) CsPbBr3 on 
SrTiO3(100) and (B) PbI2 on Au/Si(111). (C) Optical micrograph of NaCl on 
Ag/Au/Si(100). (D) SEM cross-section of ZnO on Au/Si(111). 
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 The crystallographic orientation of the spincoated materials relative to the single 
crystal and single-crystal-like substrates was determined by x-ray diffraction. The single-
crystal-like substrates were thin epitaxial layers of Au or Ag that were electrochemically 
deposited onto single-crystal Si to serve as large-area, inexpensive proxies for a single-
crystal surface.29 The out-of-plane orientation of the deposits was determined by x-ray 2θ 
scans using CuKα1 radiation. Figure 3A shows the 2θ scan of CsPbBr3 on single-crystal 
SrTiO3. Only the {100} family of peaks was observed for the cubic material, consistent 
with a [100] preferred out-of-plane orientation. The 2θ scans of CsPbBr3 on Mica(001), 
Au(100)/Si(100), and Au(111)/Si(111) are shown in Fig. S3. In all cases the out-of-plane 
orientation of the CsPbBr3 was determined by the substrate. Figure 3B shows the 2θ scan 
of PbI2 on Au(111)/Si(111). Only the {001} family of peaks was observed for the material, 
consistent with a [001] orientation for the material. The triclinic PbI2 grew with the (001) 
basal plane parallel with the Au(111) surface. Similarly, Fig. 3C shows that cubic NaCl 
grew with a [100] orientation on Ag(100)/Au(100)/Si(100), and Fig. 3D shows that 
hexagonal ZnO grew with a [001] orientation on Au(111)/Si(111). 
The in-plane orientation of the deposits relative to the substrate was determined by 
x-ray pole figures. In these measurements, the 2θ value was fixed for either the film or the 
substrate, and the sample was rotated azimuthally from 0 to 360o at a series of tilt angles 
from 0 to 90o. Discrete spots in the pole figures instead of rings indicate the material had 
both out-of-plane and in-plane order. Figure 4 show pole figures for both films and 
substrates for CsPbBr3 on SrTiO3(100), PbI2 on Au(111)/Si(111), NaCl on 
Ag(111)/Au(111)/Si(111) and ZnO on Au(111)/Si(111). Figure 4A shows a (220) pole 
figure of CsPbBr3 and Fig. 4B shows a (110) pole figure of SrTiO3 both with four spots 
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separated azimuthally by 90o at a tilt angle of 45o, corresponding to the fourfold symmetry 
of the (100) plane. The tilt angle of 45o corresponds to the angle between the (100) and 
(220) planes in a cubic system. The pole figure of the CsPbBr3 was rotated 45o in-plane in 
relation to SrTiO3. This rotation could be explained with the lower mismatch caused by the 
rotation as shown in interface models in Fig. S4. The epitaxial relation is given by 
CsPbBr3(100)[011] || SrTiO3(100)[001].  
 
 
Figure 3. Out-of-plane orientation by X-ray diffraction. 2θ scans of (A) CsPbBr3 on 
single crystal SrTiO3(100), (B) PbI2 on Au/Si(111), (C) NaCl on Ag/Au/Si(100), and (D) 




Figure 4C shows a (102) pole figure of PbI2 on the Au(111)/Si(111) substrate. The 
pole figure showed six spots separated azimuthally by 60o at a tilt angle of 42o 
corresponding to two domains of threefold symmetry for trigonal PbI2. The presence of the 
second domain is caused by the second in-plane domain in the epitaxial Au(111) film on 
Si(111) substrate, as previously studied29 and shown in the Au substrate (200) pole figure 
in Fig. 4D. The tilt angle of 42o corresponds to the angle between (001) and (102) planes 
in a trigonal system. The Au pole figure shows six spots (two domains with three spots) 
separated azimuthally by 60o at a tilt angle of 55o corresponding to the threefold symmetry 
of the cubic (111) plane. There is also a minor set of six spots corresponding to the (103) 
pole of PbI2 which had a 2θ close enough to the (200) pole of Au to appear in the same 
projection. Comparing the Au and PbI2 pole figures showed that PbI2 was rotated 30o in-
plane in relation to its Au substrate.  
The epitaxial relation is given by PbI2(001)[100] || Au(111)[101ത] || Si(111)[ 101ത]. 
Unlike CsPbBr3 and PbI2, there is no in-plane rotation between the spincoated material and 
substrate for NaCl and ZnO. The (422) pole figure of NaCl is shown in Fig. 4E and the 
(422) pole figure for the Si(100) substrate is shown in Fig. 4F. Both pole figures showed 
four spots separated azimuthally by 90o at a tilt angle of 35o and eight spots (four sets 
separated 53o azimuthally of two spots separated 37o azimuthally) at a tilt angle of 66o, 
corresponding to the fourfold symmetry of the (100) plane. All of the spots corresponded 
to the angle between the (100) and (422) planes in a cubic system. The epitaxial relation is 
given by NaCl(100)[001] || Ag(100)[001] || Au(100)[001] || Si(100)[001].  
Similarly, the in-plane order of ZnO is indicated by the (101) pole figure in Fig. 4G 
and Au substrate pole figure in Fig. 4H. The ZnO pole figure showed six spots, separated 
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azimuthally by 60o at a tilt angle of 62o corresponding to the angle between (001) and (101) 
and the sixfold symmetry in the hexagonal system. The Au substrate pole figure again 
showed six spots separated azimuthally by 60o at a tilt angle of 55o corresponding to two 
in-plane domains of the three-fold symmetric cubic (111) plane. The epitaxial relation is 
given by ZnO(001)[110] || Au(111)[101ത] || Si(111)[ 101ത]. 
 
 
Figure 4. In-plane orientation by X-ray pole figures. (A) (220) pole figure of CsPbBr3 and 
(B) (110) pole figure of SrTiO3(100) substrate show CsPbBr3 is epitaxial with a 45o in-
plane rotation from SrTiO3. (C) (102) pole figure of PbI2 and (D) (200) pole figure of 
Au(111) film show PbI2 is epitaxial with a 30o in-plane rotation from Au. (E) (422) pole 
of NaCl and (F) (422) pole of Si(100) substrate show NaCl is epitaxial with no in-plane 
rotation. (G) (101) pole of ZnO and (H) (200) pole of Au(111) film show ZnO is epitaxial 




The spincoating of epitaxial films offers an inexpensive and readily accessible route 
to single-crystal-like materials that should exhibit superior electronic and optical properties 
due to the absence of high-angle grain boundaries. A wide range of materials can be 
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deposited onto a variety of wafer-sized substrates with unprecedented simplicity. The films 
were deposited from solutions of the material, or from precursors of the material that 
readily converted to the final product with only volatile side products. The precursor route 
used for depositing ZnO from an ammine complex should be applicable to other metal 
oxides. Spincoating also offers two avenues to highly-ordered semiconductors for flexible 
electronics, displays, and solar cells. The materials can be spincoated onto flexible single-
crystal-like metal foils,11, 33 or they can be deposited by more conventional vapor 
deposition techniques onto spincoated water-soluble salts such as NaCl that serve as 




Si etching and Au deposition procedure:  
Epitaxial Au(111) on Si(111) is used as an ordered substrate for spincoating of PbI2 
and ZnO, and epitaxial  Au(100) on Si(100) is used for spincoating of CsPbBr3 and NaCl. 
Si wafers with [111], and [100] orientations were obtained from Virginia Semiconductors 
Inc. The phosphorus doped n-Si(111) was miscut 0.2o towards [112ത] with a resistivity of 
1.15 Ω-cm. The n++-Si(100) was degenerately doped with phosphorus with a resistivity of 
0.001 Ω-cm. Each wafer was sliced into pieces with an area between about 0.5 cm2 to 2 
cm2. InGa eutectic was scratched into the back of each Si piece with a diamond scriber and 
soldering iron to form an ohmic contact. Silver wire with silver paste (GC electronics, 
silver print II) was used to make an electrical back contact for both orientations. A polish 
made from Apiezon wax W dissolved in toluene (1g of Apiezon per 1ml of toluene) was 
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applied to the back of Si to insulate the back contact. Both Si orientations were etched in 
5% hydrofluoric acid for 30 seconds to dissolve the native oxide layer and to produce a 
hydrogen-terminated surface before Au deposition. All depositions were performed 
immediately after the etching process to avoid any surface passivation. Au was 
electrodeposited from a plating solution containing 0.1 mM HAuCl4, 1 mM KCl, 1 mM 
H2SO4, and 100 mM K2SO4 in deionized (DI) water. The solution was prepared by adding 
10 mL of a stock solution containing 1 mM HAuCl4, 10 mM KCl, and 10 mM H2SO4 to 
90 mL of DI water and 100 mM K2SO4. Each Si substrate was pre-polarized at -1.9 V vs. 
Ag/AgCl before immersing into the solution to prevent both oxide formation and Au 
polycrystalline electroless deposition. All Au depositions ranged from 10-30 minutes, 
using a Ag/AgCl reference electrode and a Au coil as a high surface area counter electrode, 
and were stirred at 200 rpm at room temperature. After each deposition, the samples were 
rinsed with DI water and dried in air.   
 
Single crystal substrates:  
CsPbBr3 was spincoated on single crystal SrTiO3(100) and Mica(001) substrates. 
Single crystal SrTiO3(100) samples with dimensions 10 mm x 10 mm x 0.5 mm were 
purchased from MTI Corporation. The highest grade V1 Mica(001) disc with a diameter 
of 20 mm was obtained from Ted Pella Inc. All the single crystals were used as received 






Spincoating solutions and parameters: 
All spincoating was performed using a programmable high-speed spincoater with 
in-situ substrate heating capability purchased from MTI Corporation (VTC-100PA-
HCHS). The heating accessory can quickly reach up to 120oC using a tungsten-halogen 
lamp and is measured with a K-type thermocouple. The spincoating parameters are 
summarized in Table S1 and further described in the following paragraphs. 
The CsPbBr3 solution was prepared by dissolving 0.175 M PbBr2 and 0.262 M CsBr 
(1:1.5 molar ratio) in dimethyl sulfoxide (DMSO) solution. The solution was stirred on a 
hot plate at 130oC for 1 hour to obtain a clear solution before spincoating. The substrate, 
SrTiO3(100), Mica(001), Au/Si(111), or Au/Si(100), was quickly preheated to 110oC and 
spun at 2000 rpm for 2 min. During the first 5 seconds of the rotation, 250 μL of CsPbBr3 
solution was dispensed on the hot substrate using a volume-controlled pipette. The samples 
were analyzed as-prepared after the spincoating without any further post processing. 
The PbI2 solution was prepared by dissolving 1 M PbI2 in dimethylformamide 
(DMF). The solution was stirred on a hot plate at 80oC for 1 hour to obtain a clear yellow 
solution before spincoating. The Au/Si(111) substrate was preheated to 80oC and spun at 
2000 rpm for 2 min. During the first 5 seconds of the rotation, 200 μL of PbI2 solution was 
dispensed on the hot substrate using a volume-controlled pipette. The samples were 
analyzed as-prepared after the spincoating without any further post processing. 
The NaCl solution was prepared by adding NaCl to DI water until saturation was 
reached at room temperature. An epitaxial Ag(100) film was made by electrodepositing on 
a Au(100) film on Si(100). The Ag film was electrodeposited at a constant potential of -
2.3 V vs. Hg/Hg2SO4 for 5 minutes in an acetate bath containing 0.1 mM AgAc, 1 mM 
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KAc, 1 mM H2SO4 and 0.1 M K2SO4. Before rotating, 100 μL of NaCl solution was 
dispensed on the substrate using a volume-controlled pipette. Immediately after dispensing 
the solution, the spincoater was ramped to 500 rpm for 15 seconds followed by 2000 rpm 
for 45 seconds with in-situ heating at 100oC. The samples were analyzed as-prepared after 
the spincoating without any further post processing. 
The ZnO solution was prepared by adding 130 mM of ZnO to an ammonium 
hydroxide solution with a 28-30% NH3 basis (Sigma Aldrich). The solution was stirred 
overnight while sitting on a 0oC cooling plate and filtered with a 0.45 μm PES filter 
(Whatman). 40% ethanol by volume was then added to the solution to aid in wetting the 
sample surface. The Au(111) substrate was preheated to 120oC and spun at 3000 rpm for 
30 seconds. During the first 5 seconds of rotation, 150 μL of ZnO solution was dispensed 
on the hot substrate with a volume-controlled pipette. The samples were analyzed as-
prepared after the spincoating without any further post processing. 
 
X-Ray diffraction measurements and interface models:  
All XRD measurements were made with a Philips X’Pert Materials Research 
Diffractometer with Cu Kα1 radiation source (λ=1.54056 Å). All 2theta-omega (out-of-
plane orientation) scans were done using a 2-bounce hybrid monochromator with a Ge 220 
monochromator and Ni 0.125 mm automatic beam attenuator and a 0.18o parallel plate 
collimator diffracted beam optics. Pole figures were measured using a crossed slit 
collimator with 2 mm divergence slit and 2 mm mask with a Ni filter and a 0.27o parallel 
plate collimator. Lattice constants for interface models and X-Ray measurements were 
obtained from JCPDS card no. 027-1402 for Si, no. 004-0784 for Au, no. 035-0734 for 
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SrTiO3, no. 086-1386 for Mica, no. 054-0752 for CsPbBr3, no. 007-0235 for PbI2, no. 005-
0628 for NaCl, and no. 036-1451 for ZnO. All the interface models were prepared using 
VESTA (visualization for electronic and structural analysis) software ver. 3.3.2. 
 
SEM and optical microscope measurements: 
Plan-view and cross-sectional SEM images were obtained using a Helios NanoLab 
DualBeam electron microscope. An accelerating voltage between 15-20 kV and beam 
current of 43 pA or 0.17 nA was used for all samples. Plan-view optical microscope images 




Figure S1. Optical micrographs of spincoated NaCl on (A) Ag(110)/Au(110)/Si(110) and 
(B) Ag(111)/Au(111)/Si(111). The micrographs show that the orientation of NaCl is 





Figure S2. Morphology of ZnO on Au/Si(111). The plan view SEM micrograph of ZnO 






Figure S3. Out-of-plane and in-plane orientation of by x-ray diffraction. Out-of-plane 
orientation is shown by the 2θ scans of CsPbBr3 on (A) mica (001), (B) Au/Si(111), and 
(C) Au/Si(100). There is only one family of planes for CsPbB3 on each film or single-
crystal substrate indicating CsPbBr3 is out-of-plane ordered. In-plane orientation is 
shown by the pole figures of (D) mica(001) substrate with (E) spincoated CsPbBr3, (F) 
Au(111) substrate with (G) spincoated CsPbBr3, and (H) Au(100) substrate with (I) 
spincoated CsPbBr3. The CsPbBr3 grows with a (110) preferred out-of-plane orientation 
on mica(001). The (110) plane of cubic CsPbBr3 has two-fold symmetry so the presence 
of six spots, or three sets of two spots, in the CsPbBr3 pole figure on mica indicates it has 
three in-plane domains. This is likely due to the symmetry of the potassium terminated 
(001) mica surface. The CsPbBr3 on Au(111) grows with a preferred (100) out-of-plane 
orientation. The (100) plane of cubic CsPbBr3 has four-fold symmetry so the presence of 
twelve spots, or three sets of four spots, in the CsPbBr3 pole figure indicates it also has 
three domains. This is likely due to the three-fold symmetry of the cubic (111) Au plane. 
Finally, the CsPbBr3 on Au(100) grows again with a (100) preferred out-of-plane 
orientation. The presence of only four spots in the CsPbBr3 pole figure, corresponding to 
the four-fold symmetry of the (100) plane, indicates there is only one in-plane domain of 





Figure S4. Interface models of spincoated materials. The interface models are shown for 
(A) CsPbBr3(100) on its SrTiO3(100) substrate, (B) PbI2(001) on its Au(111) substrate, 
(C) NaCl(100) on its Ag(100) substrate, and (D) ZnO(002) on its Au(111) substrate. The 
coincidence site lattice mismatch (CSL) in the interface models is used to better 
understand how each material grows epitaxially on its substrate. The lattice mismatch is 
given by 𝐿𝑎𝑡𝑡𝑖𝑐𝑒 𝑚𝑖𝑠𝑚𝑎𝑡𝑐ℎ = ௗ೑೔೗೘ିௗೞೠ್ೞ೟ೝೌ೟೐
ௗೞೠ್ೞ೟ೝೌ೟೐
∗ 100. For spincoated CsPbBr3(100) on 
SrTiO3(100), the lattice mismatch is reduced from +49.3% for a 1𝑑஼௦௉௕஻௥య(௛௞௟) x 
1𝑑ௌ௥் య(௛௞௟) lattice to +5.57% for a CSL of 45
o in-plane rotated CsPbBr3 in 
1𝑑஼௦௉௕஻௥య(௛௞௟) x 2𝑑ௌ௥்௜ య(௛௞௟). This reduced mismatch between spincoated material and 
substrate is likely what causes the CsPbBr3 to prefer the 45o in-plane rotated growth. For 
spincoated PbI2(001) on Au(111), the mismatch is reduced from +59.2% for a 1𝑑௉௕ మ(௛௞௟) 
x 1𝑑஺௨(௛௞௟) lattice to -8.10% for a CSL of 30o in-plane rotated PbI2 in 1𝑑௉௕ூమ(௛௞௟) x 
1𝑑஺௨(௛௞௟). For spincoated NaCl(100) on Ag(100), while there is no in-plane rotation, the 
lattice mismatch is reduced from +38.0% for a 1𝑑ே௔஼௟(௛௞௟) x 1𝑑஺௚(௛௞௟) lattice to -1.40% 
for a CSL of 5𝑑ே௔஼௟(௛௞௟) x 7𝑑஺௚(௛௞௟). Similarly, spincoated ZnO(002) on Au(111) has a 
reduced mismatch from +12.7% for a 1𝑑௓௡ை(௛௞௟) x 1𝑑஺௚(௛௞௟) lattice to +0.16% for a CSL 




Table S1. Summary of spincoating parameters for all materials. 
 Solution Solution Temp. Sample Temp. Spin Rate (rpm) Spin Time 
CsPbBr3 
0.175 M PbBr2 
0.262 M CsBr 
in DMSO 
130oC Preheated to 110oC 2000 2 min 
PbI2 
1 M PbI2 
in DMF 80
oC Preheated to 80oC 2000 2 min 
NaCl Sat’d NaCl Aqueous RT in situ 100




60% Sat’d ZnO in 
ammonia 
40% ethanol 





The material is based on work supported by the U.S. Department of Energy, Office 
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2. CONCLUSIONS & FUTURE WORK 
2.1. CONCLUSIONS 
After the intensive scaling down of electronic components over the past few 
decades, it is useful to turn to material selection and design for further improvements. 
Epitaxial growth produces high quality thin films with minimized defects for improved 
electronic properties. Current standard methods to obtain epitaxial films remain energy 
intensive, so it is imperative to optimize low energy solution process methods to achieve 
the next stage of advancements while maintaining affordability. The aim of this research is 
to explore electrodeposition and spin coating as viable methods to grow epitaxial thin films 
for a variety of applications. 
Paper I introduces the solution process method of electrodeposition to directly grow 
epitaxial CH3NH3PbI3 for perovskite solar cells. The power conversion efficiency of 
perovskite solar cells has increased substantially over the last decade up to 23.7%.100 Most 
CH3NH3PbI3 perovskite is grown on polycrystalline substrates and is therefore not 
epitaxial. Further improvements in efficiency may lie in optimizing the crystalline order of 
perovskite films.109, 176, 177 CH3NH3PbI3 is directly electrodeposited in organic solution by 
reducing I2 to I- at the Au substrate surface. The I- then bonds with CH3NH3+ and Pb2+, 
growing ordered perovskite crystals on the single crystal Au. This method uses a low 
energy process to provide more order than current polycrystalline growth methods and 
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avoids the use of intermediate Pb compounds to ensure the film consists only of 
CH3NH3PbI3. 
Paper II similarly uses the low energy process of electrodeposition to produce high 
quality epitaxial metal films with chiral surfaces. The metal thin films are significantly less 
costly than single crystal metals with chiral surfaces used in previous research. Au is first 
electrodeposited on Si(643) and Si(6ത4ത3ത), and further metal films of Pt, Ni, Cu, and Ag are 
electrodeposited on Au. The chirality of electrodeposited films is confirmed by 
enantioselective oxidation of L- and D-glucose on Ag surfaces.  
Paper III introduces the solution process of spin coating for epitaxial growth of thin 
films. Spin coating is a simple and scalable process that has yet to be explored for directly 
growing epitaxial films. It is even more versatile than electrodeposition since it does not 
require a conductive substrate and less wasteful than chemical bath deposition. A diverse 
set of materials are spin coated epitaxially including CsPbBr3, PbI2, ZnO, and NaCl. The 
potential of spin coating epitaxial chalcogenides is also being explored. 
2.2. FUTURE WORK 
Preliminary work on spin coating chalcogenide thin films, specifically sulfides, has 
included the direct spin coating of PbS as well as the two step process of spin coating PbI2 
followed by the dip conversion to PbS. In the first scenario, one solution is prepared by 
dissolving Pb(NO3)2 in water. A second solution is prepared with NaOH and thiourea in 
water. After the substrate is preheated, equal amounts of the solutions are sequentially 
dispensed onto the substrate just before spinning. The spin coating process can be repeated 
several times for a complete, dense PbS film. Currently this process has been used to spin 
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coat PbS on a glass slide. Proposed future work includes spin coating on Au/Si(111) and 
Au/Si(100) substrates to obtain epitaxial PbS thin films. The parameters of concentration, 
substrate temperature, and spin conditions can be optimized for epitaxial growth. 
The second pathway for growth of PbS films has been completed by first spin 
coating PbI2 on a Au coated glass slide using the conditions outlined in Paper III. The edges 
of the sample are then sealed with Apiezon wax before placing it in a solution containing 
Na2S to convert PbI2 to PbS. Proposed future work includes spin coating PbI2 on 
Au/Si(111) and Au/Si(100) substrates for an epitaxial PbI2 which maintains its crystalline 
order when converted to PbS. Time and temperature in the sulfide conversion solution can 





Preliminary work has shown that PbS films can be obtained by directly spin coating 
from aqueous solution or by spin coating PbI2 and dip converting to PbS in a Na2S solution. 
Figure 1Aa shows PbS directly spin coated on a glass slide and Figure 1Ab shows PbI2 
spin coated on a Au coated glass slide which has been dip converted to PbS. These 
techniques may also be successful for other sulfides such as CdS or Bi2S3. Plans to explore 
the epitaxial growth of PbS films are further described in the Future Work section.  
 
 
Figure 1A: X-ray diffraction of (a) PbS directly spin coated on a glass slide and (b) PbI2 
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